Best 

Available 

Copy 


rROCEEDIKGS  Olr  THE 


6-^f  JUN£  >1994 


36th 

Power  Sources 
Conference 


Hyatt  Cherry  Hill 
Cherry  Hill,  New  Jersey 
June  6-9,  1994 

JSl 


Sponsored  by  the 
Power  Sources  Division 
Electronics  &  Power  Sources  Directorate 
U.S.  Armv  Research  Laboratory 


General 
Conferance  Chelr: 


Technicel 
Program  Chelr: 


Information 

Chair: 


Conference 

Coordinator: 


Exhibition 

Manager: 


Technical  Program 
Committee  Membera: 


Robert  P.  Hamlan 

U.S.  Army  Research  Laboratory, 

EPSD 

Ft.  Monmouth,  NJ 
Sol  Gilman 

U.S  Army  Research  Laboratory, 
EPSD 

Ft.  Monmouth.  NJ 
Sue  McArthur 

U.S.  Army  Research  Laboratory, 
EPSD 

Ft.  Monmouth,  NJ 

Ralph  Nadell 
Palisades  Institute  for 
Research  Services,  Inc. 

New  York,  NY 

Erika  Suresky 
Palisades  Institute  for 
Research  Services,  Inc. 

Now  York,  NY 

James  Barnes 

Naval  Surface  Warfare  Center 
Silver  Spring,  MD 

Wishvender  Behl 

U.S.  Army  Research  Laboratory, 

EPSD 

Ft.  Monmouth,  NJ 

Harold  Christopher 

U.S.  Army  Research  Laboratory, 

EPSD 

Ft.  Monmouth,  NJ 
Patrick  Davis 

Naval  Surface  IVarfare  Center 
Silver  Spring,  MD 

A.  Goldberg 

U.S.  Army  Research  Laboratory 
Adelphi,  MD 

Guido  Guazzoni 

U.S.  Army  Research  Laboratory, 
EPSD 

Ft.  Monmouth,  NJ 


T.  Richard  Jow 

U. S.  Army  Research  Laboratory,  EPSD 
Ft.  Monmouth,  NJ 

Richard  Marsh 
Wright  Laboratory 
Wright-Patterson  AFB,  OH 

Timothy  C.  Murphy 

Naval  Surface  IVarfare  Center 

Silver  Spring,  MD 

Edward  Reiss 

U.S.  Army  Research  Laboratory,  EPSD 
Ft.  Monmouth,  NJ 

Mark  Salomon 

U.S.  Army  Research  Laboratory,  EPSD 
Ft.  Monmouth,  NJ 

Patricia  H.  Smith 

Naval  Surface  Warfare  Center 

Silver  Spring,  MD 

Martin  Sulkes 

U.S.  Army  Research  Laboratory,  EPSD 
Ft.  Monmouth,  NJ 

Ray  Sutula 

U.S.  Department  of  Energy 
Washington,  DC 

Steve  Vukson 
Wright  Laboratory 
Wright-Patterson  AFB,  OH 

Clinton  Winchester 

Naval  Surface  Warfare  Center 

Silver  Spring,  MD 


Accesion  For 

NTIS  CRA&I 
OTIC  TAB 
Unannounced 
Justification 


Distribution  f 


Availability  Codes 

Avail  a.-id/or' 
Special 


fi-l 


Table  of  Contents 


Session  1;  CAPACITORS 


i.l:  Progress  with  Advanced  Materials  for  High-Energy-Density  Capacitors .  / 

C.  W.  Reed,  M.  W.  DeVre,  S.  M.  Gasworth,  and  S.  J.  Rzad,  GE  Corporate  R&D 
Center 

1.2:  Electrochemical  Capacitors  for  Electric  Vechicles:  A  Technology  Update  and 

Recent  Test  Results  from  INEL .  6 

A.  F.  Burke,  Idaho  National  Engineering  Laboratory,  EG&G  Idaho,  Inc. 

1.3:  A  40-kJ  Carbon  Double-Layer  Capacitor .  II 

D.  A.  Evans,  The  Evans  Co. 

1.4:  Electrochemical  Capacitor  Voltage  Balance:  Cell  Uniformity  Requirements  for 

High-Voltage  Devices .  75 


J.  R.  Miller,  JME,  Inc. 

1.5:  Withdrawn 

1.6:  Optimization  of  Fabrication  Parameters  for  Carbon-Based  Chemical 


Double-Layer  Capacitors .  19 

W.  T.  Owens,  M.  F.  Rose,  C.  Johnson,  and  B.  Stephens,  Space  Power  Institute, 

Auburn  University 

1.7:  Optimization  of  Carbon  Fibers  Used  in  Electrochemical  Capacitors  for  Electric 

Vehicle  Applications .  23 

C.  J.  Farahmandi,  E.  Blank,  D.  Hileman,  J.  Dispennette,  and  K.  Lambert, 

Maxwell  Laboratories,  Inc. 

1.8:  An  Overview  of  Electrochemical  Capacitor  Technology  and  Application .  27 

S.  R  Wolsky,  Ansum  Enterprises,  Inc. 

R.  S.  Wissoker,  Wissoker  Associates 


Session  2;  PRIMARY  AQUEOUS  BATTERIES 


2.1:  Performance  of  Low-Mercury  Zinc/Manganese  Dioxide  Alkaline  Ceils .  30 

R.  W.  Nolan  and  G.  J.  Donaldson,  National  Defence  Headquarters,  Canada 

2.2:  The  Copper/Magnesium  Seawater  Cell  for  Near-Surface  Operation .  34 

0.  Hasvold,  Norwegian  Defence  Research  Establishment,  Norway 
R.  Kjennbakken,  Norwegian  Coast  Directorate,  Norway 

2.3:  Investigations  on  Copper  Oxide  as  a  Depolarizer  in  Aluminum  Primary 

Batteries .  38 

G.  Kumar,  A.  Sivashanmugam,  N.  Muniyandi,  and  S.  Baskaran,  Central 
Electrochemical  Research  Institute  (CSIR),  India 

2.4:  Improved  Magnesium  Battery .  42 

L.  P.  Jarvis,  Army  Research  Laboratory 


Hi 


TabtiB  of  Conttfiits  (eonttnued) 

2.5:  Anodic  Behavior  of  Magnesium-Lithium  Alloy  in  Aqueous  Magnesium  Primary 


Batteries .  46 

G.  Kumar,  A.  Sivashanmugam,  N.  Muniyandi,  and  A.  K.  Vadivel,  Central 
Electrochemical  Research  Institute  (CSIR),  India 

2.6:  Electrolyte  Leakage  Phenomenon  in  Reserve  Ordnance  Battery  for  U.S.  Army 

M732  Electronic  Proximity  Fuze .  50 

M.  Morganstein,  Army  Research  Laboratory 

IJ:  Bi-Polar  AgZn  Battery . 54 

J.  Giltner,  Eagle-Picher  Industries 


Session  3:  RECHARGEABLE  LITHIUM  BATTERIES  I 


3.1:  The  Lithium  Polymer  Battery:  A  Competitive  System  or  a  Promising 

Technology? .  57 

F.  Croce,  B.  Scrosati,  and  M.  Salomon,  Universitd  La  Sapienza,  Italy 

3.2:  Development  of  Carbon  Anode  for  Rechargeable  Lithium  Cells .  61 

C. -K.  Huang,  S.  Surampudi,  and  G.  Halpert,  Jet  Propulsion  Laboratory, 

California  Institute  of  Technology 

3.3:  Development  of  a  High-Energy-Density  Rechargeable  Lithium-Ion  Cell 

Technology .  65 

W.  Ebner,  D.  Fouchard,  L,  Xie,  and  S.  Megahed,  Rayovac  Corp. 

3.4:  Development  of  a  Lithium-Ion  BB-2847  Battery .  69 

D.  Fouchard,  W.  Ebner,  and  S.  Megahed,  Rayovac  Corp. 

3.5:  Lithium-Like  Rechargeable  Battery .  73 

R.  J.  Staniewicz,  A.  S.  Gambrell,  and  G.  Castro,  SAFT  R&D  Center,  Inc. 

3.6:  Withdrawn 

3.7:  Investigations  of  Doping  Effects  in  the  LiMn204  Spinel  System .  76 

J.  A.  Read,  R.  Wise,  and  C.  C.  Liang,  Ultralife  Batteries 


Session  4:  FUEL  CELLS 


4.1:  PEM  Fuel  Cells  for  Passive  Operation .  79 

O.  J.  Adlhart  and  P.  Rohonyi,  AF  Sammer  Corp. 

4.2:  Heat  Removal  in  Ambient-Pressure  PEM  Cell  Stacks .  83 

V.  Marshall,  J.  Kelland,  P.  Grosjean,  and  D.  Bloomfield,  Analytic  Power  Corp. 

4.3:  Cost  Reduction  and  Performance  Improvements  in  PEM  Fuel  Cells .  87 

J.  P.  Maceda,  H.  Power  Co. 


iv 


4.4:  IVeatmeiit  of  POrfluorinated  Ion-Exchange  Membranes  (Nafion® )  to  Increase 

Water  Absorption  and  Ionic  Conductivity .  93 

S.  Banerjee,  DuPont  Co. 

4.5:  Recent  Advances  in  Direct  Oxidation  Fuel-Cell  Technology .  97 

S.  Surampudi,  H.  Frank,  S.  R.  Narayanan,  and  G.  Halpert,  Jet  Propulsion 
Laboratory,  California  Institute  of  Technology 

C.  Cropley,  J.  Kosek,  and  A.  Laconte,  Giner,  Inc. 

4.6:  Direct  Methanol  Fuel-Cell  Stack  Development .  99 

D.  L.  Maricle,  B.  L.  Murach,  and  L.  L.  Van  Dine,  International  Fuel  Cells 

4.7:  Fuel-Cell  Power  Plants  for  Bare-  and  Fixed-Base  Applications .  103 

S.  Abens  and  G.  Steinfeld,  Energy  Research  Corp. 

4.8:  Evaluation  of  Stack  Design  and  Electrode  Performance  for  Alkaline  Fuel  Cells  .  106 

H-K.  Lee  Woosuk  University,  Korea 

J-R  Shim,  H-J.  Kim,  and  J-S.  Lee,  Hanyang  University,  Korea 
Y-K.  Kong,  Agency  for  Defense  Development,  Korea 


Session  5;  RECHARGEABLE  LITHIUM  BATTEBIESMI 


5.1:  Fe2(S04)3  As  a  Cathode  Material  for  Rechargeable  Lithium  Batteries . 

S.  Okada,  K.  S.  Nanjundaswamy,  A.  Manthiram,  and  J.  B.  Goodenough,  The 
University  of  Texas  at  Austin 

H.  Ohtsuka,  H.  Arai,  and  J.  Yamaki,  NTT  Interdisciplinary  Research  Labs,  Japan 
5.2:  Bulk  Syntheses  and  Electrochemical  Properties  of  Submicron  Powders  of 

LixMn204 . 

E.  M.  Kelder,  X.  Huang,  and  J.  Schoonman,  Delft  University  of  Technology,  The 
Netherlands 

L.  Chen,  Institute  of  Physics,  Academia  Sinica,  China 

53:  Effect  of  Cell  Design  on  Cycling  Life  and  Safety  Behavior  of  Rechargeable 

Li/LixMn02  Cells . 

Y.  Geronov,  E.  Mengeritski,  I.  Yakupov,  and  R  Dan,  Tadiran  Battery  Division,  Israel 

5.4:  High-Rate  Bipolar  Lithium-Ion  Batteries . 

S.  Hossain,  Yardney  Technical  Products,  Inc. 

R.  Marsh,  Wright  Laboratory 


Session  6;  METAL  /  AIR  BATTERIES 


6.1:  Development  of  an  Aluminum-Air  Portable  Power  Fuel  Cell  System  for  Field 

Charging  of  Military  NiCd  and  Lead-Acid  Power  Packs .  126 

S.  T.  Winarski,  STW  Contract  Services 
B.  Rao,  Explorex 

R.  DuBois,  R.  Martin,  C.  Cestone,  and  R  Guggenheim,  Alupower 
R.  R  Hamlen,  Army  Research  Laboratory 


Tabledf  COffteifts  (Gontlmiecl) 


6.2:  High-Energy-Density  Primary  Zinc/Air  Battery  Characterization .  129 

T  B.  Atwater,  Army  Research  Laboratory 

R.  A.  Putt,  MATSI,  Inc. 

D.  Bourland  and  B.  Bragg,  NASA  Johnson  Space  Center 

6  J:  A  High-Energy-Density  Aluminum-Oxygen  Cell .  132 

D.  W.  Gibbons  and  E.  J.  Rudd,  ELTECH  Research  Corp. 

D.  Gregg,  Loral  Defense  Systems 

6.4:  The  Aluminum  Fuel  Cell  in  'Dunsportation  Applications .  136 

G.  M.  Seamans,  Alupower,  Inc. 

D.  K.  Creber  and  J.  H.  Stannard,  Alupower  Canada  Limited,  Canada 

6.5:  Regenerative  Zinc/Air  and  Zinc/Ferricyanide  Batteries  for  Stationary  Power 

Applications .  140 

J.  E  Cooper,  L.  E.  Keene,  J.  Noring,  A.  Maimoni,  and  K.  Peterman,  Lawrence 
Livermore  National  Laboratory 

6.6:  User  Experience  of  the  Aluminum/Air  Reserve-Power  System .  144 

S.  P.  Lapp,  Alupower  Canada  Limited,  Canada 
S.  M.  Warner,  Alupower/Chloride  Limited,  U.K. 

G.  M.  Seamans  and  R.  DuBois,  Alupower,  Inc. 


Session  7;  PHOTOVOLTAIC/THERMOPHOTOVOLTAIC  ENERGY  CONVERSION 


7.1:  High-Performance  Thermophotovoltaic  Emitters .  148 

R.  E.  Nelson,  Thermo  Power  Corp. 

7.2:  High-Temperature  Emitters  for  Thermophotovoltaic  Power  Systems .  151 

P.  Adair,  M.  E  Rose,  T.  Owens,  and  K.  Schroeder,  Space  Power  Institute 

73:  Hybrid  Thermophotovoltaic  Power  Sources .  155 

G.  Guazzoni  and  P.  Pizzo,  Army  Research  Laboratory 

7.4:  Alpha  Irradiations  of  InP  Solar  Cells:  Implications  for  Radionuclide  Batteries  .  159 

C.  C.  Blatehley,  E.  A.  Burke,  C.  W.  Colerieo,  P.  M.  Gouker,  and  H.  B.  Serreze, 

Spire  Corp. 


Sessiorf  8  MILITARY  APPLICATIONS  /  DUAL  USE 


8.1:  U.S.  Department  of  Energy  Electrochemical  Battery  Production:  Dual-Use 


Concepts .  162 

C.  G.  Wagner,  Martin  Marietta  Specialty  Components,  Inc. 

8.2:  Dual-Use  Technology  for  Army  Applications .  166 


E.  H.  Reiss,  Jr.  and  F.  C.  Leung,  Army  Research  Laboratory 


VI 


TaWe  of 


8.3:  Update  on  the  U.S.  Navy  Program  to  Reduce  Battery-Maintenance  Costs,  and 
Application  to  Other  MIL-SPECS . 

B.  C.  Newman,  NSWC 
P.  Scardaville,  SAFT  America,  Inc. 

8.4:  Evaluation  of  Commercial  AA-Size  Lithium  Cells  for  Navy  Mine  Applications  . . 
J.  A.  Banner,  C.  S.  Winchester,  and  W.  P.  Kilroy,  NSWC 

8.5:  Rechargeable  Battery  Development  for  the  AN/PAS-13  Thermal  Weapon  Sight . . 

M.  Sulkes  and  G.  Au,  Electronics  &  Power  Sources  Directorate,  Army  Research 
Laboratory 

8.6:  Withdrawn 


8.7:  Effects  of  Repeated  Resistance  Testing  on  the  Firing  Ability  of  Igniter  EP360-3  . 

G.  Q.  O’Day,  Eagle- Picker  Industries,  Inc. 

D.  M.  Ryan,  Aero  Propulsion  and  Power  Directorate 

8.8:  Disposal  Characteristics  of  Selected  Military  Batteries . 

L.  F.  Soffer,  U.S.  Army  CECOM 

8.9:  Withdrawn 


8:10:  Tactical  Power  for  Mobile  Directed-Energy  Systems 
T.  R.  Childers,  U.S.  Army  BelvoirRD&E  Center 

8.11:  Vehicular  Power  Generation  (In-Line) . 

K.  M.  Miller,  U.S.  Army  BelvoirRD&E  Center 


169 

no 

173 

177 

180 

186 

189 


Session  9:  RECHARGEABLE  AQUEOUS  BATTERIES  I 


9.1:  Ni/MH  Cell  Development .  192 

B.  Hawkins,  Eagle-Picker  Industries,  Inc. 

9.2:  Rechargeable  Ovonic  Ni/MH  Batteries  for  Consumer,  Electric  Vebicle,  and 

Military  Applications .  196 


S.  Venkatesan,  M.  A.  Fetcenko,  D.  A.  Corrigan,  P  R.  Gifford,  S.  K.  Dhar,  and 
S.  R.  Ovshinsky,  Ovonic  Battery  Co. 

93:  Withdrawn 


9.4:  Electrochemical  Studies  on  ABs  Metal  Hydrides .  202 

B.  V  Ratnakumar,  S.  Surampudi,  S.  DiStefano,  and  G.  Halpert,  Jet  Propulsion 
Laboratory,  California  Institute  of  Technology 

9.5:  Calorimetric  Evaluation  of  Commercial  Ni/MH  Cells. . .  206 

E.  C.  Darcy,  NASA  Johnson  Space  Center 

B.  M.  Hughes,  Lockheed  Engineering  &  Sciences  Co. 

9.6:  Development  and  Testing  of  Ag/MH  Batteries .  209 

D.  K.  Coates  and  C.  L.  Fox,  Eagle-Picher  Industries,  Inc. 

S.  M.  Lipka,  Florida  Atlantic  University 


vii 


Table  of  COntantB  (Continued) 


9.7:  Sealed  Bipolar  Ni/MH  Battery .  213 

D.  E.  Reisner  and  M.  Klein,  Electro  Energy,  Inc. 

9.8:  Rechargeable  Bipolar  Lead/Fluoroboric-Acid  Battery . . .  217 

G.  L.  Hoileck,  J.  P.  Hachey,  and  E.  A.  Morin,  EIC  Laboratories,  Inc. 

9.9:  Recent  Developments  in  Bipolar  Lead/ Acid  Battery  Technology  at  Johnson 

Controls .  221 

D.  C.  Pierce,  Johnson  Controls  Battery  Group,  Inc. 

9.10:  A  New  High>Rate  Pulse-Power  Sealed  Lead-Acid  Battery .  225 

T  Juergens,  M.  A.  Ruderman,  and  R.  J.  Brodd,  Bolder  Technologies  Corp. 


Session  10:  LITHIUM  /  POLYMER  BATTERIES 


10.1:  New  Approach  in  the  Synthesis  of  Polymer  Gel  Electrolytes  for  Lithium 

Batteries .  229 

Z.  Florjanczyk,  E.  Zygadlo-Monikowska,  W.  Wieczorek,  W.  Krawiec,  and 
W.  Bzducha,  Warsaw  University  of  Technology,  Poland 

10.2:  Gelionics  for  Lithium-Battery  Applications .  233 

G.  B.  Appetecchi,  E  Croce,  and  B.  Scrosati,  La  Sapienza  University,  Italy 

10.3:  Polymer-Ceramic  Composite  Electroiytes  for  Lithium  Rechargeable  Batteries  . .  236 

B.  Kumar,  University  of  Dayton  Research  Institute 

L.  G.  Scanlon,  Wright  Laboratory 

10.4:  An  Application  of  Random  and  Layered  Polymer  Nanocomposites  in 

Lithium-Polymer  Batteries:  A  Review .  240 

W.  Krawiec  and  L.  G.  Scanlon,  Wright  Laboratory 
E.  Giannelis  Cornell  University 

10.5:  Thin-Layer  Li/CF*  Cells  with  Polymer  Electrolyte .  245 

D.  Foster  and  P.  Bramhall,  Army  Research  Laboratory 

10.6:  Composite-Electrode  Performance  in  Solid-Polymer  Electrolyte-Based  Systems  .  248 

D.  Fauteux,  A.  A.  Massucco,  M.  McLin,  M.  van  Buren,  and  J.  Shi, 

Arthur  D.  Little,  Inc., 

10.7:  Lithium-Ion  Insertion  Electrodes:  Cathode  Morphology  and  Performance .  252 

W.  H.  Smyrl,  R.  T.  Atanasoski,  E.  L.  Cussler,  B.  B.  Owens,  and  M.  D.  Ward, 

University  of  Minnesota 

10.8:  Performance  Characterization  of  Lithium  Cobalt  Dioxide  Cathodes  in 

Polymer-Based  Lithium  and  Lithium-Ion  Rechargeable  Cells .  254 

W.  Li,  H.-P.  Lin,  and  D.  L.  Chua,  Alliant  Techsystems,  Inc. 

10.9:  Solid-State  Carbon/LiNiOz  Pulse-Power  Batteries .  257 

M.  Alamgir,  N.  Marchese,  and  K.  M.  Abraham,  EIC  Laboratories,  Inc. 

10.10:  Performance  Characteristics  of  Lithium-Ion  Polymeric  Electrolyte  Cells .  261 

D.  H.  Shen,  G.  Nagasubramanian,  C.-K.  Huang,  S.  Surampudi,  and  G.  Halpert, 

Jet  Propulsion  Laboratory,  California  Institute  of  Technology 


Vlll 


Table  of  Contents  (Continued) 


Session  11:  RECHARGEABLE  AQUEOUS  BATTERIES  II 


11. 1:  Rechargeable  Alkaline  Zinc-Manganese  Dioxide  Batteries .  266 

K.  Kordesch,  L.  Binder,  J.  Gsellmann.  W.  Taucher.  and  Ch.  Faistauer,  Technical 
University’  of  Graz,  Austria 

11.2:  Improved  Components  for  Rechargeable  Alkaline  Manganese-Zinc  Batteries  . . .  270 

T.  Messing,  R.  Jacus,  and  S.  Megahed,  Rayovac  Carp. 

11.3:  Advanced  Silver-Zinc  Battery  Development .  274 

Z.  Adamedes  and  T.  Terjesen,  BST  Systems.  Inc. 

11.4:  Development  of  Silver-Zinc  Cells  of  Improved  Cycle  Life  and  Energy  Density. . .  278 

R.  Serenyi,  Yardney  Technical  Products.  Inc. 

11.5:  Automatic  Generation  of  SPICE  Macromodels  of  Batteries .  282 

X.  Andrieu  and  D.  Kierbel,  Alcatel  Alsthom  Recherche.  France 

11.6:  Commercial  Nickel-Hydrogen  Battery  Development .  286 

D.  K.  Coates,  C.  L.  Fox,  and  J.  C.  Dermott,  Eagte-Picher  Industries.  Inc. 

A.  D.  Boyt,  Crowder  College 

11.7:  Strengthening  the  Weakest  Link:  Importance  of  Battery  Analysis  and 

Maintenance .  290 

I.  Buchmann,  Cade.x  Electronics.  Inc..  Canada 

11.8:  Electrical  Characterization  of  the  Negative  Electrode  of  the  USAF  20-Year-Life 
Maintenance-Free  Sealed  Nickel-Cadmium  Aircraft  Battery  Over  the 
Temperature  Range  -40  to  +70°C .  292 

Z.  Johnson,  J.  Roberts,  and  D.  Scoles,  Eagle-Picher  Industries.  Inc. 

11.9:  Verification  of  Long-Term  Wet  Stand-Life  of  Composite-Fiber  Nickel  Electrodes  296 

W.  A.  Ferrando,  NSIVC 

11.10:  Withdrawn 


Session  12:  HIGH-TEMPERATURE  /  THERMAL  BATTERIES 


12.1:  A  Brief  History  of  Thermal  Batteries .  300 

W.  E.  Kuper,  Army  Research  Laboratory 

12.2:  Experiences  from  Developing  Electrical  Non-Destructive  Testing  for  Thermal  Batteries  310 


P.  A.  Selanger,  Catella  Generics  AB.  Sweden 

O.  J.  Lyrsell,  FAfU  Sweden 

R.  A.  Marsh  and  D.  M.  Ryan,  Wright  Laboratory 

12.3:  Characterization  of  Energetic  Devices  for  Thermal-Battery  Applications  by 


High-Speed  Photography .  315 

L.  R.  Dosser,  EG&G  Mound  Applied  Technologies 
R.  Guidotti,  Sandia  National  Laboratories 

12.4:  Aging  Effects  and  Failure  Modes  in  Thermal  Batteries .  318 


H.  L.  Lewis,  M.  Chatelain,  and  V.  L.  Hammersley,  NSWC 


IX 


Table  of  Contents  (Continued) 


12.5:  Heat  Source  for  Thermal  Batteries:  Study  on  the  Coagulation  Process .  321 

E.  Rabinovitz,  Rafael,  Israel  Armament  Development  Authority,  Israel 
C.  Yarnitzky,  Technion,  Israel  Institute  of  Technology,  Israel 

12.6:  Imide-Based  Electrolytes  for  Medium-Temperature  Reserve  Cells .  325 

C.  O.  Giwa,  Defence  Research  Agency,  U.K. 

12.7:  Evaluation  of  Tkansition-Metal-Sulfide  Cathode  Materials  for  Thermal  Batteries. .  329 

S.  Dallek  and  T.  C.  Murphy,  NSWC 

T.  Nguyen,  EIC  Laboratories,  Inc. 

12.8:  Lithium-Aluminum  /  Iron-Disulfide  Rechargeable  Batteries  for  Pulse-Povi^er 

Applications .  333 

J.  D.  Briscoe,  SAFT  America,  Inc. 

12.9:  Development  of  the  Na/3"-AIumina/S(IV)  Chloroaluminate  Cell .  337 

J.  Caja,  T.D.J.  Dunstan,  and  G.  Mamantov,  Molten  Salt  Technology,  Inc., 

Knoxville,  TN  and  University  of  Tennessee 

12.10:  Sodium-Sulfur-Cell  Testing .  341 

J.  A.  DeGruson,  Eagle-Picher  Industries,  Inc. 


Session  13;  PRIMARY  LITHIUM  BATTERIES  I 


13.1:  Lithium/Boron  Alloy  as  an  Anode  Material  in  Primary  Oxyhalide  Cells .  344 

M.  E  Pyszczek  and  E.  S.  Takeuchi,  Wilson  Greatbatch  Ltd. 

13.2:  Self-Discharge  Rate  of  Lithium/Thionyl-Chloride  Ceils .  347 

W.  R.  Cieslak,  Sandia  National  Laboratories 

13.3:  Long-Life  Reserve  Li/SOCIz  Battery  for  Wide-Area  Mine .  351 

D.  L.  Miller,  R.  C.  Sheldon,  and  M.  A.  Manning,  Eagle-Picher  Industries,  Inc. 

13.4:  Utilization  of  the  Taguchi  Approach  to  Experimental  Design  for  the  Assessment 

of  Spirally  Wound  Lithium  Oxyhalide  D  Cells .  354 

P.  J.  Size  and  E.  S.  Takeuchi,  Wilson  Greatbatch  Ltd. 

13.5:  Development  of  AA-Size  Cells  for  Mine  Batteries .  358 

W.  P.  Kilroy  and  J.  A.  Banner,  NSWC 
F.  Walsh,  Energy  Conversion 

13.6:  High-Rate  Lithium/Thionyl-Chloride  Battery  Development .  361 

W.  R.  Cieslak  and  D.  E.  Weigand,  Sandia  National  Laboratories 

13.7:  Development  of  a  250  Ah  Lithium/Thionyl-Chloride  Battery .  365 

M.  Milden,  H.  Bittner,  and  J.  Coggi,  The  Aerospace  Corp. 

K.  Lejman,  General  Dynamics  Space  Systems 
M.  Svaleson,  Martin  Marietta  Technologies 


MAJ  T.  Conroy  and  MAJ  D.  Blehm,  U.S.  Air  Force  Space  and  Missile  Systems  Center 
J.  L.  Fermin  and  J.  P.  Semerie,  SAFT,  France 

13.8:  Study  of  Lithium  Plating  in  Li/SOClz  Cells  Related  to  Safety  Aspects .  369 

R  Chenebault,  SAFT,  France 


Table  of  Contents  (Continued) 


13.9:  Entropy  Changes  in  Undischarged  and  Partially  Discharged  Oxyhalide  Cells  . . .  372 

M.  L.  Kronenberg,  N.  C.  Liberto,  and  N.  D.  Isaacs,  Mine  Safety  Appliances  Co. 

13.10:  High-Rate  Lithium/Thionyi-Chloride  Bipolar-Battery  Development .  376 

R  G.  Russell  and  F.  Goebel,  Yardney  Technical  Products,  Inc. 

13.11:  Experimental  Simulation  of  Thermal  Behavior  of  Li-S02  Primary  Battery .  380 

Y.  I.  Cho  and  E.  Choi,  Drexel  University 
R.  J.  Staniewicz,  SAFT America,  Inc. 


Session  14:  THERMAL  BATTERIES 


14.1:  Effects  of  Chemical  IVansport  and  Entropic  Cooling  on  Long-Life 

Thermal-Battery  Designs,  Including  Sonobuoy  Applications .  384 

C.  Lamb,  Eagle-Picher  Industries,  Inc. 

14.2:  Development  of  a  2-hour  Thermal  Battery .  3^7 

R.  Guidotti  and  A.  Baldwin,  Sandia  National  Laboratories 

14.3:  Emergency  Power  System  for  the  Swedish  JAS39  Lightweight  Combat  Aircraft. .  391 

K.  Karlsson,  SAAB  Military  Aircraft,  Sweden 

14.4:  Large  Thermal  Batteries  for  Emergency  Aircraft  Power .  395 

J.  Wells  and  R.  Saltat,  Eagle-Picher  Industries,  Inc. 

14.5:  Thermal  Optimization  of  Li(AI)/FeS2  Thermal  Batteries .  399 

E  C.  Krieger,  Army  Research  Laboratory 

14.6:  High-Energy  Lithium  Anode  Thermal  Batteries .  404 

A.  J.  Clark  and  I.  D.  McKirdy,  MSA  Ltd.,  Scotland 

14.7:  A  Short-Life  Thermal  Battery  for  Pulse-Power  Applications .  408 

J.  D.  Briscoe,  G.  Castro,  and  J.  Gessler,  SAFT  America,  Inc. 

14.8:  Thermal-Battery  Activation  and  Performance  Under  Cryogenic  Conditions .  411 

J.  Wells  and  C.  Lamb,  Eagle-Picher  Industries,  Inc. 


Session  15:  PRIMARY  LITHIUM  BATTERIES  II 


15.1:  Lithium/Manganese  Dioxide  Foil-Cell  Battery  Development .  415 

T  B.  Reddy  and  P.  Rodriguez,  Power  Conversion,  Inc. 

15.2:  High-Rate  Lithium/Manganese  Dioxide  Cells  Using  Shut-Down  Separators .  418 

M.  Kohlhase,  K.  Schneider,  and  J.  Welsh,  Hoppecke  Batterien,  Germany 

15.3:  Withdrawn 

15.4:  Ultra-High-Rate  Pulse  Performance  from  the  Primary  Li/MnOz  Battery .  419 

A.  M.  Jeffery  and  M.  J.  Sidorowicz,  Dowty  Batteries,  U.K. 

15.5:  Low-Temperature  Lithium-Battery  Testing .  423 

W.  A.  Tracinski,  Applied  Power  International 


XI 


NOTES 


xii 


Author  Index 


Author  Page 

Abens,  S .  103 

Abraham,  K.  M .  257 

Adair.  P. .  151 

Adamedes,  Z .  274 

Adlhart,  O.  J .  79 

Alamgir,  M .  257 

Andrieu,  X .  282 

Appetecchi,  G.  B .  233 

Arai,  H .  110 

Atanasoski,  R.  T. .  252 

Atwater,  T.  B .  129 

Au.  G .  173 

Baldwin,  A .  387 

Banerjee,  S .  93 

Banner,  J.  A .  170,358 

Baskaran,  S .  38 

Binder,  L .  266 

Bittner,  H .  365 

Blank,  E .  23 

Blatchley,  C.  C .  159 

Blehm,  6 .  365 

Bloomfield,  D .  83 

Bourland,  D .  129 

Boyt,  A.  D .  286 

Bragg.  B .  129 

Bramhall,  R .  245 

Briscoe,  J.  D .  333,  408 

Brodd,  R.  J .  225 

Buchmann,  1 .  290 

Burke,  A.  F. .  6 

Burke,  E.  A .  159 

Bzducha,  W. .  229 

Caja,  J .  337 

Castro,  G .  73,  408 

Cestone,  C .  126 

Chatelain,  M .  318 

Chen,  L .  114 

Chenebault,  P. .  369 

Childers,  T.  R .  186 

Choi,  E .  380 

Cho,  Y.  1 .  380 

Chua,  D.  L .  254 

Cieslak,  W.  R .  347,  361 

Clark.  A.  J .  404 

Coates,  D.  K .  209,  286 

Coggi,  J .  365 

Colerico,  C.  W .  159 

Conroy,  T. .  365 

Cooper,  J.  F. .  140 

Corrigan,  D.  A .  196 

Creber,  D.  K .  136 

Croce,  F. .  57,  233 

Cussler,  E.  L .  252 


Author 

Page 

Dallek,  S . 

.  329 

Dan,  P. . 

. 118 

Darcy,  E.  C . 

.  206 

DeGruson,  J.  A.. . 

.  341 

Dermott,  J.  C.  ... 

.  286 

DeVre,  M.  W . 

.  1 

Dhar,  S.  K . 

.  196 

Dispennette,  J.  . . 

.  23 

DiStefano,  S . 

.  202 

Donaldson,  G.  J. . 

.  30 

Dosser,  L.  R . 

.  315 

DuBois,  R . 

. 126,  144 

Dunstan,  T.  D.  J. . 

.  337 

Ebner,  W . 

.  65,69 

Evans,  D.  A . 

. 11 

Faistauer,  Ch.  . . . 

.  266 

Farahmandi,  C.  J. 

.  23 

Fauteux,  D . 

.  248 

Fermin,  J.  L . 

.  365 

Ferrando,  W.  A. . . 

.  296 

Fetcenko,  M.  A. . . 

.  196 

Florjanczyk,  Z. . . . 

.  229 

Foster,  D . 

.  245 

Fouchard,  D . 

.  65,69 

Fox.  C.  L . 

.  209,286 

Frank,  H . 

.  97 

Gambrell,  A.  S.  . . 

.  73 

Gasworth,  S.  M.  . 

.  1 

Geronov,  Y. . 

. 118 

Gessler,  J . 

.  408 

Giannelis,  E . 

.  240 

Gibbons,  D.  W.  . . 

.  132 

Gifford,  PR . 

.  196 

Giltner,  J . 

.  54 

Giwa,  C.  0 . 

.  325 

Goebel,  F. . 

.  376 

Goodenough,  J.  B. 

. 110 

Gouker,  P  M . 

.  159 

Gregg,  D . 

.  132 

Grosjean,  P. . 

.  83 

Gsellmann,  J.  . . . 

.  266 

Guazzoni,  G . 

.  155 

Guggenheim,  P. . 

.  126 

Guidotti,  R . 

. 315,387 

Hachey,  J.  P _ 

.  217 

Halpert,  G . 

61.  97.  202,  261 

Hamlen,  R.  P  ... 

.  126 

Hammersley,  V.  L. 

.  318 

Hawkins,  B . 

.  192 

Hasvold,  0 . 

.  34 

Hileman,  D . 

.  23 

Holleck,  G.  L . 

.  217 

Author  Page 

Hossain,  S .  122 

Huang,  C.-K .  61,261 

Huang,  X . 114 

Hughes,  B.  M .  206 

Isaacs,  N.  D .  372 

Jacus,  R .  270 

Jarvis,  L.  P .  42 

Jeffery,  A.  M .  419 

Johnson,  C .  19 

Johnson,  Z .  292 

Juergens,  T. .  225 

Karlsson,  K .  391 

Keene,  L.  E .  140 

Kelder,  E.  M . 114 

Kelland,  J .  83 

Kierbel,  D .  282 

Kilroy,  W.  P .  170,  358 

Kim.  H-J .  106 

Kjennbakken,  R .  34 

Klein,  M .  213 

Kohihase,  M .  418 

Kong,  Y-K .  106 

Kordesch,  K .  266 

Kosek,  J .  97 

Krawiec,  W .  229,  240 

Krieger,  F.  C .  399 

Kronenberg,  M.  L .  372 

Kumar,  B .  236 

Kumar,  G .  38,  46 

Kuper,  W.  E .  300 

LaConte,  A .  97 

Lamb,  C .  384,  411 

Lambert,  K .  23 

Lapp,  S.  P .  144 

Lee,  H-K .  106 

Lee,  J-S .  106 

Lejman,  K .  365 

Leung,  F.  C . 166 

Lewis,  H.  L .  318 

Li,  W .  254 

Liang,  C.  C .  76 

Liberto,  N.  C .  372 

Lin.  H.-P .  254 

Lipka,  S.  M .  209 

Lyrsell,  O.  J .  310 

Maceda,  J.  P. .  87 

Maimoni,  A .  140 

Mamantov,  G .  337 

Manning,  M.  A .  351 

Manthiram,  A . 110 

Marchese,  N .  257 


xiii 


Author  index 


Author  Page 

Maricle,  D.  L .  99 

Marsh,  R.  A .  122,  310 

Marshall,  V. .  83 

Martin,  R .  126 

Massucco,  A.  A .  248 

McKirdy,  I.  D .  404 

McLin,  M .  248 

Megahed,  S .  65,  69,  270 

Mengeritski,  E .  118 

Messing,  T. .  270 

Milden,  M .  365 

Miller,  D.  L .  351 

Miller,  J.R .  15 

Miller,  K.  M .  189 

Morganstein,  M .  50 

Morin,  E.  A .  217 

Muniyandi,  N .  38,  46 

Murach,  B.  L .  99 

Murphy,  T.C .  329 

Nagasubramanian,  G .  261 

Nanjundaswamy,  K.  S .  110 

Narayanan,  S.  R .  97 

Neison,  R.  E .  148 

Newman,  B.  C .  169 

Nguyen,  T. .  329 

Nolan,  R.  W .  30 

Noring,  J .  140 

O’Day,  G.Q .  177 

Ohtsuka,  H .  110 

Okada,  S .  110 

Ovshinsky,  S.  R .  196 

Owens,  B.  B .  252 

Owens,  W.  T. .  19,  151 

Peterman,  K .  140 

Pierce,  D.  C .  221 

Pizzo,  P. .  155 

Putt,  R.  A .  129 

Pyszczek,  M.  F. .  344 


Author  Page 

Rabinovitz,  E .  321 

Rao,  B .  126 

Ratnakumar,  B.  V. .  202 

Read,  J.  A .  76 

Reddy,  T.  B .  415 

Reed,  C.  W .  1 

Reisner,  D.  E .  213 

Reiss,  E.  H.,  Jr. .  166 

Roberts,  J .  292 

Rodriguez.  P. .  415 

Rohonyi,  P. .  79 

Rose,  M.  F. .  19,  151 

Rudd.  E.  J .  132 

Ruderman,  M.  A .  225 

Russell,  P.  G .  376 

Ryan,  D.  M .  177,  310 

Rzad,  S.  J .  1 

Salomon,  M .  57 

Saltat,  R .  395 

Sarumpudi,  S .  97 

Seamans,  G.  M . 136,  144 

Scanlon,  L.  G .  236,  240 

Scardaville,  P. .  169 

Schneider,  K .  418 

Schoonman,  J .  114 

Schroeder,  K .  151 

Scoles,  D .  292 

Scrosati,  B .  57,  233 

SelSnger,  P.  A .  310 

Semerie,  J.  P. .  365 

Serenyi,  R .  278 

Serreze,  H.  B .  159 

Sheldon,  R.  C .  351 

Shen,  D.  H .  261 

Shi,  J .  248 

Shim,  J-P. .  106 

Sidorowicz,  M.  J .  419 

Sivashanmugam,  A . 38,  46 

Size,  P.  J .  354 


Author 

Page 

SmyrI,  W.  H . 

.  252 

Softer,  L.  F. . 

.  180 

Staniewicz,  R.  J. . . 

.  73,380 

Stannard,  J.  H.  ... 

.  136 

Steinfeld,  G . 

.  103 

Stephens,  B . 

.  19 

Sulkes,  M . 

.  173 

Surampudi,  S . 

. .  61 ,  202.  261 

Svaleson,  M . 

.  365 

Takeuchi,  E.  S.  ... 

.  344,354 

Taucher,  W . 

.  266 

Terjesen,  T. . 

.  274 

Tracinski,  W.  A. . . . 

.  423 

Vadivel,  A.  K . 

.  46 

van  Buren,  M . 

.  248 

Van  Dine,  L.  L.  ... 

.  99 

Venkatesan,  S.  . . . 

.  196 

Wagner,  C.  G . 

.  162 

Walsh,  F. . 

.  358 

Ward,  M.  D . 

.  252 

Warner,  S.  M . 

.  144 

Weigand,  D.  E.  . . . 

.  361 

Wells,  J . 

.  395,411 

Welsh,  J . 

.  418 

Wieezorek,  W . 

.  229 

Winarski,  S.  T. . . . . 

.  126 

Winchester,  C.  S.  . 

.  170 

Wise.  R . 

.  76 

Wissoker,  R.  S _ 

.  27 

Wolsky,  S.  P. . 

.  27 

Xie,  L . 

.  65 

Yakupov,  1 . 

. 118 

Yamaki,  J . 

. 110 

Yarnitzky,  C . 

.  321 

Zygadlo-Monikowska,  E .  229 

x/V 


PROGRESS  WITH  ADVANCED  MATERIALS  FOR  HIGH-ENERGY-DENSITY 

CAPACITORS 


Qivc  W.  Reed,  Michael  W.  DeVre,  Steven  M.  Gaswoith,  and  Stefan  J.  Rzad 
GE  Corporate  Research  and  Development 
Schenectady,  New  York  12301 

Abstract 


A  program  funded  by  the  US  Army  Electronics  and  Power 
Sources  Directorate/  Army  Research  Laboratory,  Fort  Monmouth, 
NJ,  has  been  complete  in  which  the  objectives  were  to 
demonstrate  and  develop  itew  dielectric  materials  which  will  enable 
the  future  development  of  pulse  power  storage  capacitors  with 
energy  densities  in  excess  of  10  J/g.  Four  candidate  materials  were 
investigated:  diamond-like  carbon  (DLC)  films,  chemical  vapor- 
deposited  (CVD)  diamond  films,  Ultem®  polyetherimide  films, 
and  computer-designed  modified  polyetherimides.  Each  of  these 
approaches  presented  unique  challenges,  but  there  was  a  unified 
technical  approach  in  addressing  them:  that  of  synthesis,  surface 
modification,  metallization,  and  clearing  to  improve  their 
breakdown  performance.  The  status  of  the  work  is  reported  for 
each  approach;  with  electrical  measurements,  enhancement  of 
breakdown  via  surface  modification  and  clearing,  and  the 
fabrication  and  testing  of  test  capacitors.  It  is  concluded  that  DLC 
and  Ultem*  films  offer  the  most  immediate  promise  for  meeting 
the  target  energy  densities. 


Introduction 

High  energy  delivery  systems,  such  as  high  power  lasers,  high 
power  microwave,  directed  energy  weapons,  and  power 
electronics,  require  large  amounts  of  energy  to  drive  them.  In 
stationary  systems,  this  can  be  achieved  using  power  supplies  of 
large  physical  size.  But,  for  mobile  devices,  the  energy  sources 
must  be  compact.  One  of  the  essential  parts  of  the  supply  is  the 
energy  storage  device,  typically  a  capacitor  or  battery.  When 
capacitors  are  used,  a  high  energy  density  is  a  pre-requisite  in  order 
to  minimize  the  overall  size  of  the  power  supply.  Capacitors  of  tens 
of  J/g  are  highly  desirable;  however,  such  energy  densities  are  an 
order  of  magnitude  higher  than  present  state-of-the-art  technology. 
State-of-the  art  reviews  of  high-energy-density  capacitors  are  given 
in  references  1-3. 

The  program  reported  here  is  focused  on  materials  for  high- 
energy  density  capacitors  with  10  kV  rating,  1  Hz  repetition  rate, 
and  energy  densities  of  tens  of  J/g.  Preliminary  results  on  this 
program  were  reported  at  this  meeting  in  1992'*.  Results  at  the 
completion  of  this  two-year  program  are  reported  here. 

State-of-the-Art 

Materials  for  capacitors  typically  fall  into  three  general 
categories;  1)  ceramic,  such  as  Ta205  and  BaTiOs;  2)  electrolytic, 
such  as  alumalytic  and  tantalytic,  and  3)  polymeric,  such  as 
polypropylene  and  polyvinylidene  fluoride,  each  with  or  without  an 
impregnating  liquid.  Electrolytic  capacitors  are  characterized  by 
large  capacitance  densities,  and  high  energy  densities  have  been 
achieved®.  However,  such  capacitors  do  not  have  good  bipolar 
capability,  and  their  voltage  capability  and  resistivity  are  too  low  for 
high  voltage  applications  such  as  those  of  present  interest*. 
Ceramics,  on  the  other  hand,  have  high  dielectric  constants  and 
relatively  high  breakdown  strengths.  For  example,  Ta205,  with  a 
dielectric  constant  of  27  and  a  thin  film  breakdown  strength  of  4-8 
xlO®  V/cm2,  has  an  energy  density  of  19  J/cm®.  However,  the  best 
quality  Ta205  films  are  those  formed  electrolytically  and  they  are 
not  fully  bipolar.  Ferromagnetics,  such  as  BaTiOa,  have  the 
problem  that  the  dielectric  constant  changes  with  the  applied  electric 
field  and  with  temperature,  with  a  sharp  drop  at  the  Curie 
temperature^.  Ceramics  have  two  other  severe  problems;  their 


inherent  brittleness  and  the  great  difficulty  in  making  defect-fiee 
large  areas.  The  latter  problem  is  compounded  by  the  fact  that, 
unlike  polymer  materials,  ceramics  are  not  "clearable"  so  that 
defects  cannot  be  eliminated;  this  severely  limits  the  electric 
stresses  at  which  ceramics  can  be  operated,  with  a  consequent 
limitation  in  energy  density. 

There  are  several,  complementary  reasons  why  polymers  look 
to  be  the  most  attractive  approach  fenr  achieving  very  high  energy 
density.  First,  they  can  be  made  into  films  in  very  large  areas  and 
with  very  high  quality.  (Fortunately,  many  polymer  films  have 
applications  outside  of  capacitors,  so  considerable  development  in 
film  making  methods  are  at  our  disposal).  Second,  although  the 
polymers  themselves  typically  have  low  dielectric  constants, 
inherently  they  have  very  high  resistivities  (>  10*®  G.cm)  and  very 
high  breakdown  strengths  (>  10^  V/cm).  And,  third,  very  effective 
methods  have  been  developed  for  enhancing  breakdown 
performance  in  metallized  polymer  films  designs:  these  involve  the 
use  of  self  healing  and  the  use  of  liquid  impregnants.  The  former  is 
very  effective  in  eliminating  defects  from  the  films,  while  the  latter 
prevents  dischaiges  external  to  t*' :  'm  that  might  otherwise  trigger 
breakdown  at  lower  levels.  These  jscharges  might  occur  between 
the  layers,  at  the  metallization  edges,  or  at  the  electrode  contact. 
This  combination  of  qualities,  coupled  with  low  dielectric  losses 
and  relatively  stable  dielectric  constant  over  a  wide  temperature 
range,  make  polymer  films  the  preferred  choice  for  many 
applications. 

Technical  Appmarh 

The  volumetric  energy  density  (D)  in  a  capacitor  is  given  by: 

=  eeo  E2/2  J/cm®  (1) 

=  relative  dielectric  constant  of  the  material 
=  permittivity  of  free  space  =  8.85  x  lO-***  F/cm 
=  applied  electric  field  in  V/cm  (this  is  the 
operating  field). 

To  obtain  the  energy  density  per  unit  weight,  W  (J/g),  D  must  be 
divided  by  the  mass  density,  p  (g/cm®): 

W  =  cco  E2/2  p  J/g  (2) 

Equation  (1)  shows  that  increased  energy  density  requires  either 
increased  dielectric  constant  or  operating  electric  stress  or  both.  To 
increase  the  energy  density  per  unit  weight,  low  density  materials 
are  preferred.  Unfortunately,  as  noted  above,  materials  with  high 
dielectric  constants  often  have  low  dielectric  strengths,  low 
resistivities,  and  large  dielectric  losses.  The  latter  leads  to 
undnirable,  even  unacceptable,  dielectric  heating,  which  could 
require  thermal  management  that  could  reduce  the  overall  energy 
density.  As  a  consequence,  since  energy  density  increases  as  the 
square  of  the  electric  field  but  only  linearly  with  dielectric  constant, 
the  primary  objective  of  the  present  work  has  been  to  increase  the 
electric  stress.  Secondarily,  we  have  tried  to  maximize  dielectric 
constant  within  the  material  systetns  which  have  been  studied. 

It  is  of  interest  at  this  point  to  compare  the  voltage  rating  and 
breakdown  strengths  of  the  candidate  materials  investigated  in  this 
work  against  other  candidates.  This  is  done  in  ure  1. 
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High  Operating  Stresses:  Clearing.  Pulse  Conditioning,  and 
Surface  Modification 

A  primary  objective  throughout  this  program,  with  each  of  the 
material  technologies,  has  been  to  push  the  dielectric  materials  to  as 
high  a  stress  as  possible  and  to  develop  new  methods  for  doing  so. 
Basically,  three  methods  were  used:  1)  clearing,  2)  pulse 
conditioning,  and  3)  surface  modirication.  As  indicated  above, 
clearing  ("self-healing")  represents  an  avenue  to  remove  defect 
sites  within  the  respective  material  Hlms  by  deliberately  forcing  the 
material  to  breakdown,  but  in  doing.so  strictly  limiting  the  energy 
involved  so  that  minimal  damage  is  done  to  the  surrounding 
material.  The  method  is  used  extensively  to  improve  the 
performance  of  low  voltage  metallized  film  capacitors;  but,  until 
the  present  work,  has  been  surprisingly  little  us^  for  high  voltage 
capacitor  development.  The  method  is  of  course  not  applicable  to 
foil  electrodes;  rather,  it  is  restricted  to  capacitors  with  metallized 
electrodes,  applied  by  vapor  deposition  using  metals  such  as 
aluminum.  When  a  voltage  is  applied,  a  defect  in  the  dielectric  such 
as  that  shown  schematically  in  Figure  2,  undergoes  highly  localized 
breakdown.  The  resulting  arc  vaporizes  the  thin  metal  electrodes, 
interrupts  the  current  flow,  and  quenches  the  breakdown.  Defects 
are  therefore  removed  both  physically  and  electrically,  with 
minimal  loss  of  capacitance,  and  the  remaining  dielectric  can  be 
operated  at  a  higher  stress.  By  continuing  to  raise  the  voltage,  and 
repeating  the  process,  increasingly  higher  stresses  can  be  sustained. 
The  method  has  been  successfully  applied  to  each  of  the  polymer 
film  materials  used  in  this  program. 

The  second  method,  pulse  conditioning,  is  a  novel  adjunct  to 
the  method  of  clearing.  It  uses  short,  high-voltage  pulses  to 
promote  clearings  prior  to  the  application  of  a  ramp  voltage. 

Once  the  film  has  been  cleared,  then  the  electric  strength  is  that 
of  the  "defect  free"  material.  In  the  third  method  to  improve 
breakdown  strength,  surface  modiflcation,  we  begin  to  prevent  the 
injection  of  electrons  at  the  electrode  surface,  which  are  the 
initiators  of  the  "intrinsic"  electronic  processes  of  breakdown. 
Preliminary  results  of  such  an  effea  were  presented  at  this  meeting 
in  1992^.  The  effect  is  further  investigated  in  this  work;  included  is 
a  surface  fluorination  treatment  using  CF4  gas.  Other  researchers 
have  also  been  investigating  surface  modification  methods  for 
improving  capacitor  performance^.  It  should  be  noted,  that  as  the 
electric  stress  is  increased,  into  the  upper  MV/cm  range,  (as 
desired  to  meet  the  target  energy  densities)  extrinsic  qualities  such 
as  impurities  and  inherent  dielectric  losses  can  limit  breakdown 
performance,  leading  to  thermally  driven  breakdown.  The  present 
materials  were  selected  to  avoid  such  limitations.  They  are  the 
reasons  why,  for  example,  the  polymer  polyvinylidene  fluoride,  an 
otherwise  excellent  material,  cannot  be  operated  at  high  stress  other 
than  for  very  short  duty  cycles. 

Experimental 

Diamond  Like  Carbon  Films 

DLC  is  an  amorphous  mixture  of  carbon  and  hydrogen  which 
exhibits  polymer-like  properties  (low  dielectric  constant  and  high 
breakdown  strength)  and  is  typically  produced  by  low  pressure 
plasma-enhanced  chemical  vapor  deposition  techniques.  More 
commonly  investigated  for  its  tribological  qualities,  DLC  films  of 
good  electrical  quality  can  be  obtained  under  a  specifle  range  of 
deposition  conditions.  We  previously  reported  small  area  DLC 
capacitors  exhibiting  improved  electrical  properties,  relative  to  our 
initial  electrical-grade  films,  including  high  resistivity  (-lO*^ 
£2. cm)  and  breakdown  strength  (~5  MV/cm).  These 
improvements  were  achieved  by  modifying  the  plasma  power 
level,  the  substrate  electrode  temperature  and  the  carrier  gas 
composition^.  Polarization  is  essentially  electronic,  and  frequency 
independent  dielectric  constant  and  low  loss  characteristics  were 


demonstrated  between  100  Hz  and  1  MHz.  We  have  since 
pursued  further  improvement  of  electrical  properties,  especially 
breakdown  strength,  by  process  modification.  Additionally, 
methods  for  fabricating  thick  film  multilayer  capacity's  were 
developed  to  meet  the  high  voltage  rating  requirements. 

With  a  view  toward  productivity  improvement  we  have 
demonstrated  the  capability  of  depositing  good  quality  DLC  films 
using  a  variety  of  hydrocarbon  feedstock  sources.  Table  I  lists 
some  electrical  properties  for  three  hydrocarbon  sources.  Electrical 
measurements  were  generally  made  on  1  pm  thick  MIM 
structures.  Electrodes  were  typically  1000  A  sputtered  aluminum, 
to  facilitate  clearing.  Breakdown  measurements  were  done  using  a 
manually  controlled  ramp  voltage  at  a  rate  of  approximately  S 
V/sec  on  an  electrode  area  of  0.317  cm^.  The  use  of  C2H2  resulted 
in  a  seven-fold  improvement  in  the  deposition  rate  over  the  CH4, 
while  the  C4H6  showed  a  three-fold  improver  ith  no 
sacrifice  in  electrical  performance. 

On  the  other  hand,  substrate  surface  smoothness  >  a  critical 

role  in  determining  the  ultimate  breakdown  strength  of  the 
deposited  films.  For  example,  the  range  of  breakdown  strengths  (3 
-  4  MV/cm)  observed  for  “baseline”  films,  those  which  have  not 
been  process  optimized  or  surface  modified,  is  due  to  variations  in 
the  surface  quality  of  the  silicon  substrate  material.  On  the  best 
silicon  substrate  surfaces,  films  from  a  process  optimized  for 
breakdown  strength  exhibit  values  of  about  6  MV/cm.  To  be  af  e 
to  accommodate  more  practical  substrates,  including  those  with 
rough  surfaces,  we  applied  field-grading  layers  (a  form  of  surface 
nfKxlification)  consisting  of  low  resistivity  DLC  or  hydrogenated 
amorphous  silicon,  resulting  in  breakdown  strengths  three  times 
greater  than  for  non-graded  structures  on  the  same  substrate. 

With  respect  to  energy  density,  Figure  3  shows  that  a  tradeoff 
must  be  made  between  dielectric  constant  and  breakdown  strength. 
In  this  figure,  process  conditions  arc  the  independent  parameter.  As 
noted  under  Technical  Approach,  energy  density  increases  more 
rapidly  with  breakdown  strength  than  with  dielectric  constant,  so 
we  generally  prefer  conditions  favoring  the  former.  Fortunately, 
these  same  conditions  also  tend  to  give  the  highest  resistivities  and 
lowest  dissipation  factors^. 

In  order  to  meet  the  high  voltage  rating  requirements  for  high 
energy  density  capacity  applications,  DLC  films  in  the  range  of  7  - 
10  fim  ate  necessary.  DLC  films  were  deposited  from  5  to  1 1  pm 
in  thickness  without  loss  of  adhesion,  a  majy  concern  considering 
the  mechanical  stresses  associated  with  plasma  deposited  films.  In 
addition,  multilayer  capacitors  were  fabricated  consisting  of  two 
layers  of  1.5  pm  DLC  and  three  lOOOA  aluminum  electrode  layers 
with  a  combined  electrode  area  of  approximately  70  cm^. 

We  have  demonstrated  the  capability  of  increasing  (he  small 
area  breakdown  strength  of  DLC  films  into  the  6  MV/cm  range  by 
incorporating  charge  trapping  species  into  the  bulk  film.  The  ability 
to  fabricate  thick  film  multilayer  capacitors,  while  maintaining 
good  electrical  and  mechanical  integrity,  demonstrates  the 
prospects  for  this  new  technology. 

eVD  Diamond  Films 

Diamond  is  attractive  fy  high  energy  density  storage  based  on 
the  intrinsic  properties  of  single  crystals*.  These  include  high 
resistivity  and  high  breakdown  strength  (10  MV/cm),  absence  of 
dielectric  losses  due  to  atomic  y  orientation  polarization,  radiation 
hardness,  high  service  temperature,  high  thermal  conductivity  and 
chemical  inertness.  In  the  form  of  thick  polycrystalline  films 
grown  by  CVD,  diamond  should  lend  itself  to  high  voltage 
operation.  The  challenges  are  to  (i)  approach  in  CVD  diamond  the 
high  resistivity  and  breakdown  strength  observed  in  single  crystal 
diamond  and  (ii)  overcome  the  some  of  the  extrinsic  features  of 
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CVD  diamond:  tXNighness,  limited  deposition  area  of  free-standing 
crack-free  films,  and  relatively  high  cost.  Since  the  extrinsic  issues 
are  widely  addressed  outside  the  present  work  we  focused  on  the 
intrinsic  electrical  properties. 

High  resistivities  were  obtained  with  low  to  moderate  nominal 
electric  fields.  However,  the  resistivity  invariably  decreased  with 
increasing  field  at  a  rate  that  would  preclude  high  energy  density 
storage  because  conduction  through  the  film  would  compete  with 
the  intended  load  for  the  stored  charge,  and  because  of  the 
possibility  of  thermal  breakdown. 

Time  and  frequency  domain  measurements  on  the  single  layer 
structures  (Figures  4  and  5)  reveal  a  space  charge  polarization 
which  we  attribute  to  a  separation  of  the  centers  of  native  positive 
and  negative  charge  carriers  under  the  influence  of  applied  voltage. 
This  process  could  account  for  the  field-dependent  resistivity  and 
low  breakdown  strengths  typical  of  CVD  diamond.  Efforts  to 
improve  electrical  properties  included  post-deposition  heat, 
chemical  and  plasma  treatments  as  well  as  nitrogen  doping  for 
electrical  compensation  of  the  extrinsic  p-type  conduction,  and 
thinning  to  eliminate  surface  roughness  of  the  as-grown  film. 
Comparison  of  the  dielectric  constants  and  loss  tangents  (as 
functions  of  fi^uency)  for  the  best  undoped  and  the  best  nitrogen- 
doped  CVD  diamond  films  showed  that  space  charge  polarization 
was  reduced  by  the  doping. 

The  encouraging  result  of  the  nitrogen  doping  effort  suggests 
that  electrical  compensation,  either  by  nitrogen  doping  or  by 
electron  irradiation,  is  a  promising  approach.  At  present,  however, 
CVD  diamond's  breakdown  strength  and  volumetric  energy 
density  are  roughly  factors  of  10  and  1(X),  respectively,  below 
those  of  DLC  and  Ultem®.  Optimization  of  CVD  diamond  for 
application  as  a  high  energy  density  dielectric  will  require  further 
fundamental  effort,  most  likely  aim^  at  a  combination  of  electrical 
compensation,  thinning,  and  tailored  electrical  contacts. 

Beyond  the  intrinsic  issue  of  dielectric  performance,  however, 
is  the  issue  of  CVD  diamond  availability  in  the  form  of  the  large- 
area  free-standing  layers  needed  to  construct  high  energy  density 
capacitors  of  practic^  scale  and  quantity.  Present  CVD  diamond 
growth  technology  produces  small-area  free-standing  films. 
Moreover,  without  dramatic  improvements  in  rates  and  yields,  the 
cost  will  remain  much  greater  than  for  the  other  candidate  dielectric 
materials.  Thus,  for  CVD  diamond  to  emerge  as  a  viable  candidate 
for  high  energy  density  storage  at  high  voltage  significant  progress 
is  required  both  in  the  dielectric  performance  and  in  film  growth 
technology. 


Ultem®  polyetherimide  has  a  very  attractive  combination  of 
properties  for  a  high-energy  density  capacitor  film^:  a  dielectric 
constant  of  2.94,  low  dielectric  losses  and  stable  dielectric  constant 
over  a  wide  temperature/frequency  range,  and  high  breakdown 
strength.  Breakdown  strengths  of  up  to  7  MV/cm  have  been 
achieved  with  several  films,  implying  an  energy  density  of  around 
6  J/g.  Also,  its  excellent  thermal  stability,  typically  up  to  200C  in 
air,  allows  a  high  use  temperature,  well  above  that  of 
polypropylene  or  polyvinylidene  fluoride,  without  loss  of  its 
excellent  physical  and  mechanical  properties.  Finally,  its  solubility 
in  various  solvents  and  non<rystalline  nature  make  it  amenable  to 
solvent  casting  as  required  to  achieve  the  highest  breakdown 
strength. 

In  the  prior  report  at  this  meeting^-  data  was  given  for  various 
commercial  extruded  Ultem®  films  with  thicknesses  of  around  1 
mil.  In  this  paper  data  is  given  for  both  extruded  and  solvent  cast 
films.  Whereas  the  extruded  film  was  1  mil  thick,  the  solvent  cast 
films  were  considerably  thinner:  3.5  and  8  pm  thick. 


A  comparison  of  the  quality  of  extruded  and  solvent  cast 
Ultem®  films  comes  from  the  dc  breakdown  data  (25  V/s)  as 
function  of  temperature  over  the  range  -20C  to  lOOC  (Figure  6). 
These  measurements  were  done  with  evaporated  aluminum 
electrodes  (thickness  =  1(X)0A;  area  =  0.4  cm^),  and  were 
essentially  free  of  clearing  events,  thus  affording  an  assessment  of 
the  inherent  quality  of  the  two  films.  Gearly,  the  breakdown  data 
for  the  solvent  cast  film  is  better  than  that  of  the  extnided  film  over 
a  wide  range  of  temperature  and  it  is  tempting  to  conclude  that  the 
difference  is  due  to  a  superior  quality  of  the  solvent  cast  film. 
However,  it  is  possible  that  the  difference  is  related  to  the  different 
thicknesses  of  the  two  films,  since  electronic  breakdown  of 
amorphous  polymers  exhibits  increasing  breakdown  with 
decreasing  thickness.  Unfortunately,  commercial  films  were  not 
available  at  different  thicknesses  in  order  to  be  able  to  resolve  the 
concct  explanation. 

As  found  with  extruded  films  of  Ultem®,  the  solvent  cast  films 
were  similarly  (20-30%)  improved  in  their  Imakdown  behavior  as 
a  consequence  of  surface  treatment  with  oxygen-containing 
coatings  and  by  a  fluorine  treatment  of  the  polymer  surface  using 
CFa  gas.  In  each  case  we  speculate  that  the  effect  derives  from  a 
trapping  of  electrons;  but  fluorine  also  enhances  adhesion  of  the 
aluminum  electrodes  and  therefore  it  may  prevent  discharge 
initiated  breakdown.  Measurements  of  the  current  at  breakdown 
do  not  readily  permit  one  to  distinguish  between  the  two 
possibilities. 

A  major  theme  in  the  present  work  is  "clearing"  of  the 
capacitor  sinictuie  by  controlled  voltage  application  to  electrically 
isolate  defects.  This  is  illustrated  by  Figures  7a  and  7b,  which 
show  the  voltage  pulse  supported  by  a  single  layer  structure  of 
8.67pm  thick  Ultem®  before  and  after  clearing.  Figure  7a 
represents  the  first  application  of  the  pulse,  which  initiated  some 
clearings.  Figure  7b  shows  the  second  application  of  the  same 
waveform,  which  is  now  fully  supported  by  the  structure.  In 
Figure  7b  the  first  (negative)  peak  of  the  waveform  at  6.4  kV 
corresponds  to  an  electric  stress  of  7.4  MV/cm  and  a  raw  energy 
density  of  -7  J/cm^.  This  stress  and  energy  density  are, 
respectively,  factors  of  -1.5  and  -2  greater  than  observed  with  a 
ramp  voltage.  This  strong  dependence  of  breakdown  results  on 
voltage  waveform  reinforces  the  importance  of  reflecting 
conditions  of  the  intended  application  in  the  test  waveform. 

Figure  7b  also  shows  that  following  the  1  millisecond 
(negative)  pulse,  the  structure  tolerates  significant  voltage  reversal. 
The  importance  of  tolerance  for  voltage  reversal  in  pulse 
applications  is  the  elimination  of  circuit  components  otherwise 
needed  to  protect  the  capacitor  from  reversal.  The  case  shown,  with 
reversal  of  about  70%,  occurring  in  about  10  ps  or  1  %  of  the  pulse 
width,  does  not  represent  a  limiting  tolerance  for  this  structure. 

Clearing  also  occurs  during  excitation  by  a  voltage  ramp, 
promoting  a  higher  final  (shorting)  breakdown  voltage  than  would 
otherwise  occur.  We  discovered  that  ramp  breakdown  voltages  for 
the  Ultem®  single  layer  structures  are  funher  enhanced  if  the 
structures  are  first  subjected  to  sequences  of  short  (10  -  100  ps) 
high  voltage  (1  -  6k V)  pulses.  The  pulse-conditioned  structures 
exhibited  breakdown  strengths  as  much  as  10%  higher  (i.e.  20% 
higher  energy  density)  under  the  subsequent  ramp  test  (25  V/s) 
than  without  pulse  conditioning.  This  effect  depends  upon  several 
parameters  (metallization  thickness  and  conductivity,  pulse 
duration,  circuit  parameters  of  the  test  apparatus,  experimental 
technique,  pulse  conditioning  protocol),  and  further  work  is  needed 
to  optimize  it 

With  Ultem®  film,  the  developments  were  extended  to  the 
fabrication  of  trial  10  kV,  0.5  kJ  capacitors;  potentially,  a  step 
toward  the  application  of  interest.  Based  on  the  10  kV 
requirement,  the  1  mil  extruded  film  was  selected  over  the  thinner 
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solvent-cast  films.  One  mil  thick,  single-side  aluminum  metallized 
Ultem*  film  was  wound  into  a  cylindrical  configuration;  edge 
electrodes  were  applied  by  the  standard  "schooping"  technique 
and  the  clearing  and  breakdown  performance  of  a  number  of  the 
rolls  were  measured  to  establish  the  voltage  capability  per  roll. 
Breakdowns  of  the  individual  rolls  occurred  in  the  range  2-3 
MVA:m;  hence  it  was  decided  to  use  an  applied  stress  of  1  MV/cm 
for  the  final  capacitor.  Each  individual  roll  in  the  final  capacitor  was 
dc  cleared  up  to  a  level  of  1.6  MV/cm  beftne  final  assembly. 

This  trial  capacitor  was  made  with  very  little  attempt  to 
optimize  the  fabrication  steps  such  as  the  winding  conditions, 
metallization  thickness,  or  clearing  procedure.  The  Ultem*  film 
itself  may  not  have  been  optimal  for  this  size  of  capacitor,  a  solvent 
cast  film  of  suitable  thickness  was  not  available  at  the  time.  With 
so  many  features  that  could  be  improved  upon,  the  final  result 
(energy  density  ~  1  J/g)  is  considered  as  very  encouraging. 

Modified  Polvetherimide 

Work  was  also  continued  during  Year  2  on  the  use  of  computer 
modeling  to  predict  modified  polyetherimide  structures  with 
increased  dielectric  constant  over  Ultem^'i.  The  approach 
continues  to  show  promise  and  would  be  expected  to  further 
enhance  the  performance  potential  shown  by  Ultem®  polymer. 

Summary 

Each  of  the  four  material  technologies  investigated  in  this 
program,  plasma-polymerized  diamond-like  carbon  films, 
chemical  vapor  deposited  carbon,  Ultem®  polyetherimide  films, 
and  computer-modelled  modified  polyetherimides,  has  shown 
some  degree  of  promise  for  meeting  the  objective  of  a  capacitor 
energy  density  of  greater  than  10  J/g,  based  on  the  dielectric  only. 
DLC  and  Ultem®  films  are  the  most  attractive  approaches,  because 
they  offer  promise  for  application  in  the  relatively  near  term, 
subject  to  further  development.  Several  avenues  for  improving 
bre^down  strength  have  been  developed  during  the  program;  this 
suggests  that  the  strategy  of  using  polymer  films  and  progressively 
increasing  their  breakdown  performance  has  validity  as  a  long 
term  approach  for  high-energy-density  capacitors.  Molecular 
modelling  of  modified  polyetherimides  to  increase  dielectric 
constant,  remains  promising,  especially  since  it  would  naturally 
build  upon  any  developments  realized  with  Ultem®  films;  but 
improvements  in  methodology  are  still  needed  and  large-scale 
polymer  synthesis  and  film  making  would  need  to  be 
implemented.  CVD  diamond  is  fundamentally  an  attractive 
dielectric  material,  but  additional  work  is  needed  on  many  technical 
aspects. 
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Figure  1  Electrical  breakdown  strength  and  voltage  capability  of 
elementary  structures  for  different  capacitor 
technologies 
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Figure  2  Schematic  Picture  of  Clearing 
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Cbmparison  ofl  KHi  Dielecthc  Propenies  for  DLC  Films 
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Figure  3  Relation  between  DLC  dielectric  consunt  and 
breakdown  strength  as  deposition  process  conditions  are 
varied. 


Fguie  4  'Hnie  dtmiain  current  response  of  single  layer  capaciror 
structure  incaqwrating  a  230pm  thick  diamond  rilm  to  a 
1  V  step.  Only  the  charging  transient  is  shown,  with  the 
current  zero  near  the  bottom  of  the  plot  The  steady  state 
current  indicates  a  resistivity  of  about  10^^  0.cm 


Rguie  S  Dielectric  constant  as  a  function  of  frequency  for  the 
same  structure  as  in  Figure  4.  An  error  in  the  assumed 
vacuum  capacitance  accounu  for  the  high  frequency 
limit  greater  than  diamond's  nominal  value  of  3.7 
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Figure  6  Effect  o{  temperature  on  the  dc  breakdown  strength  of  8 
pm  thick  solvent-cast  and  1  mil  thick  extruded  Ulteiri* 
filffls 


Figure  7a  Oscilloscope  trace  of  voltage  applied  to  a  single  layer 
capacitor  structure  incorporating  8.67pm  thick  Ultem®. 
Semal  clearing  events  are  evident 


SOO 1/0/4IV 

Figure  7b  Oscilloscope  trace  of  same  voltage  wave-form  applied  » 
the  same  single  layer  structure  as  in  Figure  7a.  Droop  in 
(negative)  pulse  amplitude  after  the  initial  peak  is  an 
artifact  of  the  test  apparatus.  This  trace,  siwwing  the 
structure  holding  off  6.4  kV,  was  made  gfia  that  shown 
in  Figure  7a. 
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ELECTTROCHEMDCAL  CAPACITORS  FOR  ELECTRIC  VEHICLES  •  A 
TECHNOLOGY  UPDATE  AND  RECENT  TEST  RESULTS  FROM  THE  IDAHO 
NATIONAL  ENGINEERING  LABORATORY 
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Abitract 


The  Sutus  of  Uhraenadter  T>rhnoli>»v  <I003> 


The  DOE  Electrochemical  Capacitor  (uhneapadtor) 
Development  Program  is  reviewed  and  the  technologies  being  pursued 
to  meet  the  near-term  and  advanced  energy  density  goals  of  S  Wh/kg 
and  IS  Wh/kg,  respectively,  are  iderrtified  and  their  status  assessed. 
Capacitor  testing  at  the  Idaho  National  Engineering  Laboratory  (INEL) 
is  summarized  with  special  atterrtion  being  given  to  tests  of  the 
Panasonic  3  V,  ISOO  F  device  at  temperatures  between  -2S‘‘C  and 
+6S°C  and  tests  of  a  168  V  pack  of  Panasonic  3  V,  SOO  F  devices  at 
powers  up  to  2S  kW. 

Introduction 

The  first  paper  on  the  use  of  electrochemical  (double-layer) 
capacitors  for  electric  vehicle  applications  was  given  at  the  34th  Power 
Sources  Symposium  in  June  1990  (Reference  1).  Specifications  for 
devices  to  be  used  in  vehicles  were  presented  at  that  time  and  the 
United  States  Department  of  Energy  (DOE)  initiated  a  program  to 
develop  devices  Aat  would  meet  those  specifications  in  I At  the 
presertt  time  (1994),  it  is  ttow  widely  recognized  that  high  energy 
density  capacitors  (often  referred  as  ultiacrgracitors)  can  be  used  to 
load  level  the  batteries  in  electric  vehicles  thereby  reducing  the  peak 
power  requirement  for  the  battery.  This  permits  the  battery  to  be 
designed  for  maximum  energy  density  and  cycle  life  and  minimum 
cost  wife  much  less  attention  being  given  to  peak  power.  There  are 
now  programs  underway  in  the  Uni^  States,  Europe,  and  Japan  to 
develop  capacitors  for  electric  and  hybrid  vehicle  applications.  The 
goals  of  die  DOE  Ultacapadtor  Program  are  given  in  Table  1,  but  the 
goals  of  the  programs  outside  the  United  States  are  thought  to  be 
essentially  the  same. 

The  conclusion  reached  in  1990  that  capacitors  could  be 
developed  with  an  energy  density  of  at  least  S  Wh/kg  and  suitably  low 
resistance  (about  0.1  ohm-cm^)  was  based  in  large  part  on  the  work 
on  mixed  metal  oxide  capacitors  that  was  underway  at  Pinnacle 
Research  Institute  (References  2  and  3).  Since  1990,  work  on  a 
number  of  other  material  technologies  for  ultiacapacitors  has  been 
started  and  there  appear  to  be  several  technologies  that  show  good 
promising  of  meeting  the  DOE  advanced  ultiaciqracitor  goal  of 
IS  Wh/kg.  A  summary  of  the  current  DOE  Ultracapacitor  Program 
is  given  in  Reference  4  and  that  paper  also  contains  a  bibliography 
of  recent  publications  pertinent  to  the  DOE  Program.  In  this  paper, 
an  update  of  uhracapacitor  tedmology,  as  of  1993,  is  given  along  with 
recent  test  data  taken  at  the  Idaho  National  Engineering  Laboratory 
(INEL)  as  part  of  the  ongoing  DOE  Uhracapacitor  Program. 


Work  supported  by  the  U.S.  Department  of  Energy  Assistant  Secretary 
fiv  Energy  Efficiency  and  Renewable  Energy  (EE),  under  DOE  Idaho 
Operations  Office,  Contract  DE-AC07-76IDoi570 


There  are  a  number  of  ultracapachor  develo|»nem  projects  in 
progress  in  the  United  States  and  abroad.  The  distinguishing 
characteristic  of  each  of  these  programs  is  the  material  being  used  in 
the  electrodes,  which  include  the  following; 

•  Caibon/metal  fiber  composites 

•  Foamed  (aerogel)  carbon 

•  Activated,  synthetic,  monolidiic  carbon 

•  Doped  conducting  polymer  films  on  carbon  cloth 

•  Mixed  metal  oxides 

A  summary  of  the  status  of  eadi  of  these  technologies  as  of  the  md 
of  1993  is  given  in  Table  2.  When  available  data  permitted,  the 
performance  values  given  in  Table  2  for  the  various  tedmologies  are 
based  on  testing  done  at  the  INEL.  The  status  of  several  of  the 
technologies  is  discussed  briefly  in  the  following  paragraphs. 

The  only  high  energy  density  power  capacitors  commercially 
available  are  those  from  Panasonic,  which  utilize  particulate  carbon 
with  a  binder  on  an  aluminum  foil  and  an  organic  electrolyte  in  a 
spiral  wotmd,  3  V  single  cell  configuration.  Panasonic  now  markets 
70  F,  500  F,  and  1500  F  devices.  All  these  devices,  which  have  been 
extensively  tested  at  the  INEL,  have  energy  densities  of  2.3  Wh/kg 
and  2.9  Wh/L  for  charging  to  3  V.  The  resistance  of  the  500  F  device 
is  3  to  4  milli-ohms  permitting  discharge  at  a  power  density  of 
500  W/kg  with  a  relatively  small  IR  voltage  drop.  The  Panasonic 
capacitors  are  suitable  for  performing  laboratory  testing  of  battery  and 
capacitor  systems,  but  their  energy  densities  are  not  high  enough  for 
packaging  in  electric  vehicles. 

Laboratory  tests  of  single  cells  and  bipolar  stacks  of  devices 
fabricated  as  part  of  the  DOE  Ultracapachor  Development  Program 
have  shown  energy  densities  of  I  to  2  Wh/kg  for  devices  using 
aqueous  electrolytes  (sulfuric  add  and  KOH)  and  6  to  8  Wh/kg  using 
organic  electrolytes.  The  resistances  of  the  1  V  cells  using  aqueous 
electrolytes  are  in  the  range  of  0.2  to  0.5  ohm-cm^  and  for  the  3  V 
cells  using  organic  electrolytes,  the  range  is  1  to  2  ohm-cm^. 
PSFUDS  testing  of  ceUs  using  aqueous  electrolytes  has  shown 
round-trip  effidencies  of  90  to  92%  and  those  using  organic 
electrolytes  effidendes  of  85  to  88%.  Tests  of  bipolar  stacks  have 
indicated  that  stacking  capacitors  should  not  prove  difficult  as  only 
minimum  difficulty  with  cell  imbalance  has  been  encountered  with 
both  the  carbon-based  and  mixed  metal  oxide  technologies.  The  test 
results  obtained  in  1993  indicate  that  it  will  be  difficuh  to  reach  the 
DOE  nearAeim  goal  of  5  Wh/kg  in  carbon-based  devices  using  an 
aqueous  electrolyte  unless  the  carbon  loading  can  be  increased  to  at 
least  1  gm  C/an\  However,  test  results  indicate  that  the  near-term 
goal  can  be  reached  or  exceeded  in  carbon-based  devices  using  an 
organic  electrolyte,  but  with  a  significant  increase  in  cell  resistance. 
Work  on  packaging  cells  and  bipolar  stacks  in  a  completely  sealed 
maimer  is  progressing  well  with  indications  that  within  a  year 
packaged  bipolar  devices  will  be  available  with  energy  densities  of  2 
to  3  Wh/kg  using  aqueous  electrolytes  and  6  to  10  Wh/kg  using 
organic  electrolytes. 
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Fwtwt  Proicttions  of  Ultmcapacitor  Performwne  and  Cost 

The  major  questions  regarding  ultracapacitor  technology  are 
concerned  with  energy  density  and  cost.  As  indicated  in  Table  I ,  the 
DOE  energy  density  goal  is  5  WhAg  for  the  near-term  and  1 5  Wh/kg 
for  the  long-term.  The  cost  goal  is  to  achieve  $  0.5  to  I  OAVh.  There 
appear  to  be  at  least  three  technical  approaches  that  have  a  reasonable 
chance  of  meeting  the  long-term  energy  density  goal.  They  are: 

1 .  Highly  loaded  (>  I  gmC/cm^),  carbon-based  substrates 
using  an  organic  electrolyte 

2.  Mixed  metal  oxides  with  10  to  20  micron  thick 
substrates  with  an  aqueous  or  organic  electrolyte 

3.  Doped  polymer  substrates  with  an  organic  electrolyte 

For  the  electric  and  hybrid  vehicle  applications,  it  is  necessary 
to  meet  the  energy  density  go:d  and  at  the  same  time  have  a  lowi 
enough  resistance  that  the  capacitor  can  be  discharged  at  a  power 
density  of  at  least  1.5  kWAg.  In  addition,  cycle  life  and  cost  goals 
must  also  be  met.  Results  of  a  simple  analysis  of  the  carbon-based 
technologies  are  shown  in  Tables  3  and  4  for  the  case  of  a  carbon 
loading  of  I  gm/cm^  in  the  substrates  of  the  cell.  The  results  indicate 
that  meeting  the  long-term  goal  of  15  WhAg  requires  a  cell  voltage 
of  at  least  2  to  3  V  (in  other  words,  the  use  of  non-aqueous 
electrolytes)  and  that  meeting  the  cost  goal  of  $0.5  to  1/Wh  requires 
a  carbon  cost  of  $2  to  5/lb  even  for  devices  having  energy  densities 
of  10  WhAg  or  greater. 

Recent  Capacitor  Testing  at  the  INEL 

Testing  of  high  energy  density  capacitors  for  electric  vehicle 
applications  has  been  underway  at  the  INEL  since  1991.  Summaries 
of  the  test  procedures  used  and  results  obtained  are  given  in 
References  5  through  8.  The  test  equipment  now  available  at  the 
INEL  for  capacitor  testing  is  listed  in  Table  5.  This  equipment,  which 
was  designed  to  be  used  for  testing  batteries,  has  been  adapted  for 
testing  capacitors  with  little  difficulty.  The  standard  types  of  tests 
performed  on  capacitors  are  listed  in  Table  6. 

In  addition  to  testing  capacitors  delivered  to  the  INEL  from 
industrial  contractors  and  the  National  Laboratories  as  part  of  the  DOE 
Ultracapacitor  Development  Program  (Reference  4),  testing  has  been 
performed  in  recent  months  to  determine  the  characteristics  of  the 
Panasonic  3  V,  1500  F  devices  and  modules  and  packs  consisting  of 
up  to  one-hundred  sixty  eight  (168)  of  the  Panasonic  3  V,  500  F 
devices,  which  will  used  at  INEL  to  test  capacitor/battery  systems  with 
and  without  interface  electronics  between  the  capacitor  and  battery 
packs.  Photographs  of  the  Panasonic  devices,  modules,  and  packs  are 
shown  in  Figures  1  through  3.  Test  data  for  the  Panasonic  1500  F 
device  are  given  in  Table  7  for  constant  current  and  constant  power 
discharges.  The  constant  power  discharge  data  are  compared  in  Figure 
4  with  similar  data  for  the  500  F  devices.  The  characteristics  of  the 
larger  1500  F  device  scale  as  expected  from  those  of  the  smaller 
500  F  device  in  that  the  energy  density  of  the  two  devices  are 
essentially  the  same  and  the  resistance  of  the  larger  device  is 
approximately  one-third  that  of  the  smaller  device. 

A  four-cell  string  of  the  Panasonic  1500  F  devices  was  tested 
at  temperatures  between  -20°C  and  +65°C  in  an  environmental 
chamber.  The  data  for  100  A  and  300  A  discharges  of  the  cells  are 
shown  in  Figure  5  and  Table  8.  The  test  results  indicate  that  the 
capacitance  is  essentially  independent  of  temperature,  but  the 
resistance  increases  monotonically  with  decreasing  temperature  due 
primarily  to  the  decreasing  conductivity  of  the  electrolyte.  The 
resistance  of  the  capacitor  at  -20°C  is  about  20%  higher  and  at  +65'’C, 
it  is  about  20%  lower  than  at  a  standard  ambient  temperature  of 
25'’C. 


Prior  to  assembling  the  one-hundred  sixty  eight  (168)  3  V, 
500  F  devices  into  fourteen  (14)  12  V  modules,  each  of  the  devices 
was  characterized  using  a  standard  test  in  which  they  were 
successively  charged  and  discharged  at  25,  50,  and  100  A.  The 
average  eapacitance  of  each  device  was  calculated  based  on  the 
measured  chatge/discharge  times  for  each  current.  The  average 
capacitance  and  standard  deviation  for  the  170  devices  are  given  in 
Table  9  Fifty-six  sets  of  three  devices  for  the  fourteen  12  V  modules 
were  formed  by  taking  successively  one  device  from  each  end  (low 
and  high)  and  one  from  the  middle  of  the  distributioo  The 
capacitance  of  the  three  device  sets  was  1470  F  with  a  very  small 
standard  deviation  of  0.93  F  indicating  the  distribution  of  the 
capacitances  of  the  devices  themselves  was  very  symmetric  about  the 
mean  of  489  F.  The  capacitor  pack  of  the  fourteen  (14)  12  V  modules 
was  then  discharged  at  constant  powers  up  to  25.5  kW  (500  W/kg) 
and  on  the  PSFUDS  cycle  for  several  hours.  The  capacitor  pack 
functioned  satisfactorily  in  all  the  tests  and  is  ready  for  further  testing 
with  a  battery  pack  and  interface  electronics. 
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Tabk  1.  Near-teim  and  advanced  goals  for  the  DOE 
Ultracapacitor  Development  Programs. 


Batliry  wto  CqwcHar 

"1 

Naar-Tarm 

Advatwad 

Weight  (kg) 

300  to  600 

200  to  300 

Power  [)ensity  (W/kg) 
Average 
Gradeability 

Peak  (accel) 

10 

30  to  50 

80 

20 

no  to  160 

375  to  530 

Table  3,  Simple  calculations  of  energy  density 
(cait)on-based  ultracapacitors). 


UMracipacilor  Unit 


Energy  stored  (Wh) 


Maximum  Power  (kW) 


Weight  (kg) 


Volume  (L) 


Energy  density  (Wh/kg) 


Maximum  useable  power 
density 
(W/kg) 


Round  trip  efficiency  (%) 


Vehiela  Accelarattea 


0  to  88  kitt/h  (sec) 


Table  2.  Summary  of  ultracapacitor  technology  (Status  1993,  Future  Projectiocu). 


'^e*« 

(F/g^)<‘ 

Wfc/kgt*> 

1 

250 

5.75 

2 

175 

16.1 

3 

125 

25.9 

4 

90 

33.1 

(1)  Capacitance  for  a  single  electrode 


(2)  Cell  is  66%  carbon  by  weight 

Ub  _  1  iF/gmCi  V* 


Cae<tr«cttoa  1 

CMflg. 

Eiectrwda 

Men 

ClMtralyte 

1  Slwtai 

VDitage 

‘Jf.- 

Basis  for 
Projection 


Pinnacle 

Research 

Institute 

bipolar 

Nimell/ 

auburn 

bipolar 

Llveroore 
Nat  l  Lab 

bipolar 

Sandia 
Nat'1  Lab 

bipolar 

Los  Ataaos 
Nrt’l  Lab 

bipolar 

(Ru.  U) 
Mv.  Design 


organic 

sulfuric  acid 

5 

13 

mm 

7 

KOH 

■ 

aqueous 

14 

organic 

10-20 

Hfg  Spec  Sheet 


100  V  I  0.01  Hfg  Testing 


polyaer  on 


(1)  HixIm  power  at  which  the  energy  recoverahlc  frm  capacitor  f$  at  least  BOX  of  that  recoverable  at  100  W/kg. 

(2)  Efficiency  on  the  PSEUDS  cycle  for  the  peak  power  step  at  (U/kglpk  -  300. 


Table  4.  Simple  calculations  of  cost  (caibon-based  ultracapacitors). 


5  m/kg  10  m/kg  20  Wh/kg  30  Wh/kg 


S/I«l  = 
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Table  5.  Test  equipment  at  the  INEL  for  capacitor  testing. 


Tabk  7.  Summary  of  teat  dau  for  a  Panaaoiiic  3  V.  ISOO  F. 
capacitor. 


BItrode  Tester  (21 

•  Up  to  20  V 

•  500  A  discharge,  1 50  A  charge 

•  Sequential  charge/discharge  cycles  with  programmable  current 
or  power  and  voltage  limits  for  both  charge  and  discharge 

Maccor  Tester 

•  5  channels  20  V,  12.5  A 

•  2  channels  100  V,  12.5  A 

•  1  channel  100  V,  50  A 

•  All  channels  program  for  power  and  current  and  voltage  limits 

•  Can  do  sequential  charge/discharge  cycles 

•  Used  to  test  1  V  cells 

Energy  Svatema  Teatar  ft) 

•  500  V,  500  A  limits 

•  Can  do  sequential  charge/discharge  cycles  with  programmable 
voltage  limits 

•  Used  to  test  a  capacitor  unit.  It  tracked  power  in  discharge  of 
less  than  one  second 


Table  6.  Standard  ultracapacitor  tests. 

1 .  Constant  current  charge/discharge 

2.  Constant  current  charge/constant  power  discharge 

3.  PSFUDS  cycle  (200  sec)  {W/kg)^„  =  300  or  500 

4.  Self-discharge  test  from  rated  voltage  (48  hours) 

5.  Leak  current  test  at  rated  voltage  (3  hours) 

6.  Repeat  test  I  through  5  at  temperatures  above  and  below 
ambient  (-20°  to  55°C) 


Table  8.  Calculation  of  the  effect  of  temperature  on  cell  resistance 
and  capacitance. 
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(1)  All  charge  done  at  100  A  between  0  to  3  V 

(2)  Dbcbarge  to  0.5  V 

(3)  Resistance  caiculated  from  voltage  change  from  eod^or<chafge  to 
beginninR  of  discharge 

(4>  Maaimum  test  cwreal  is  300  A  dvaig  OBoimt  power  diachaiBH 

Table  9.  Statistical  characteristics  of 
Panasonic  3  V,  500  F  power  oqiacitois. 

Weight  f grams) 

Average  307.4 

Standi  deviation  3.47 

Capacitance  (Farads) 

Average  489.4 

Standi  deviation  15.7 

99%  confidence  489  +40 

Statistics  based  on  tests  of  170  devices. 
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Figure  1.  The  Panasonic  3  V.  150  F  power  capacitor 


Figure  2.  A  12  V  module  of  3  V.  500  F  Panasonic 
poucr  capacitors 


mm 
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Figure  3.  The  168  V  pack  of  3  V.  500  F  Panasonic 
power  capacitors. 


0.3  _ =  j  stored 

=  to;  ■  5  w.'kg  =  iQor 

C.sc,ta,-;e3v;siv 

0.1  - 

500 

Power  density  -  W;kg 

Figure  4.  Comparison  of  discharge  data  for  the 
Panasonic  3  V.  500  F  and  1500  F  capacitors 
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Figure  5.  Discharge  characteristics  of  the  Panasonic 
3  V.  1500  F  capacitor  at  temperatures  between  -20"  and 
65°C 
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A  FORTY-KILOJOULE  CARBON  D(XmLE-UYER  CAPACITMI 


David  A.  Evans 
The  Evans  Conpany 
33  Eastern  Avenue 
East  Providence,  RI  02914 


Abstract 


A  high  perfomance  carbon  double-layer  capacitor 
(DLC)  was  constructed  using  a  five  element  equivalent 
circuit  model.  It  was  designed  for  15,  30,  60,  or  120  V 
operation,  depending  on  buss  connections.  Activated 
carbon  with  sulfuric  acid  was  used  to  form  its  electro¬ 
des.  The  prototype  had  a  mass  of  27.5  kg  and  a  volume 
of  17  liters.  It  stored  more  that  40  kJ  of  energy. 

Power  performance  was  measured  using  resistance, 
constant-current,  and  constant-power  loads.  Currents 
as  high  as  400  A  and  power  levels  up  to  23  kW  were 
used.  The  capacitor  would  reproducibly  deliver  5  kW 
for  4  s,  10  kW  for  1.1  s,  15  kW  for  0.5  s,  or  20  kW  for 
0.1  s.  Voltage  imbalance  problems  were  not  encount¬ 
ered.  Capacitor  self-discharge  power  was  below  1  W. 
The  feasibility  of  this  approach  was  clearly  demon¬ 
strated.  Design  and  construction  details  are  reported. 
Methods  to  further  reduce  the  size  and  weight  of  large 
double  layer  capacitor  power  units  are  described. 

Introduction 


Evans  was  awarded  a  Small  Business  Innovation  Re¬ 
search  (SBIR)  grant  from  the  Department  of  the  Navy  to 
determine  if  carbon  double  layer  capacitor  (DLC) 
technology  could  be  used  as  a  bridge  DC  power  source 
for  submarine  computer  systems.  The  Navy  is  interested 
in  the  technology  because  DLCs  have  high  power  density, 
require  no  maintenance,  and  are  free  of  the  hazards 
conmionly  associated  with  batteries. 

The  proposed  work  had  three  main  objectives. 
First,  to  design  a  DLC  power  source  capable  of  a  15  kW 
average  discharge  rate  for  a  minimum  of  100  ms.  The 
operating  voltage  was  to  be  selected  by  external  buss 
connections  at  15  to  120  volts.  And,  the  unit  needed 
to  be  sealed  to  prevent  contamination  and  electrolyte 
loss.  Second,  to  fabricate  the  device  according  to 
this  design.  Third,  to  measure  the  electrical  charact¬ 
eristics,  evaluate  power  performance,  and  report  the 
results  to  the  Navy. 


Discussion 


Evans  Capattery  1  F  and  1.5  F  type  RE  cell  stacks 
were  evaluated  for  use  in  the  15  kW  capacitor.  Both 
are  eight-cell  stacks  providing  reliable  operation  at 
7.5  V  (0.94  v/cell).  These  were  evaluated  for  power 
performance  using  ac  Impedance  methods. 

An  equivalent  circuit  model  was  developed  for  the 
cell  stacks  using  complex  Impedance  measurements.  A 
five  capacitor  element  RC  network  model  was  used  to  de¬ 
velop  an  equivalent  circuit  model  for  a  15  kW  capaci¬ 
tor.  Performance  of  this  model  was  then  simulated  with 
Micro-Cap  (Spectrum  Software)  circuit  analysis  soft¬ 
ware. 


.30  .  36  .  87  3.0  43371 

1.0201.13  1.30  1.14  1.039  F 


Figure  1.  Equivalent  circuit  model  for  two  series-con¬ 
nected  1.5  F  RE  cell  stacks  derived  from 
impedance  data. 


Model  calculations  showed  that  approximately  10,003  F 
of  capacity  (at  0.94  V/cell)  was  needed  to  meet  the 
power  performance  requirements.  A  minimum  of  780  1.5  F 
cell  stacks  would  be  needed  to  supply  the  required  ca¬ 
pacity.  For  mechanical  considerations,  816  cell  stacks 
were  specified  for  the  design. 


Figure  2.  Assembly  diagram  of  the  15  kW  capacitor. 

The  capacitor  was  divided  into  16  tiers,  each  con¬ 
taining  51  cell  stacks.  Provision  for  15,  30,  60,  and 
120  V  operation  was  made  by  connections  to  metal  plates 
located  between  tiers.  For  120  V  operation,  the  16  ti¬ 
ers  were  placed  in  series  by  connecting  to  the  two  end 
plates.  Connecting  the  two  end  plates  to  one  polarity 
and  connecting  the  center  plate  to  the  opposite  polar¬ 
ity  gave  60  V  operation.  Configurations  for  30  V  and 
15  V  were  similarly  developed. 

DLC  cells  using  particulate  carbon  electrodes  need 
CMipressive  loading  sufficient  to  establish  low  resis¬ 
tance  contact  among  the  carbon  particles.  In  the  case 
of  Capattery  cell  stacks,  this  load  is  approximately 
equal  to  100  pounds  per  square  inch  of  cell  geometric 
area.  For  the  Navy  device,  this  translated  into  a  to¬ 
tal  axial  load  of  roughly  9000  pounds.  Because  the 
load  was  distributed  on  a  13”  circular  area,  and  total 
deflection  was  to  be  held  to  0.010",  0.75"  thick  6061- 
T6  aluminum  end  plates  were  selected. 
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Figure  3.  Scatter  plot  of  ESR  vs.  capacitance  shows 
the  distribution  of  parts  selected  for  the 
device. 

To  equalize  voltage  among  the  16  tiers  of  cell 
stacks,  a  computer  aided  procedure  was  used  to  match 
cell  stacks  based  on  individual  capacitance  and  ESR. 
Additionally,  a  precision  1  kohm  resistor  was  connected 
in  parallel  with  the  capacitors  on  each  tier.  The  cur¬ 
rent  (  7.5  mA)  in  the  parallel  circuit  was  on  the  order 
of  20  times  the  leakage  current  of  the  device.  The 
combined  strategies  resulted  in  very  well-balanced  vol¬ 
tages  during  dynamic  and  static  testing.  Voltage  dis¬ 
tribution  at  charge  and  partial  discharge  conditions  is 
given  in  Figure  11.  _ 


Figure  4.  Photograph  of  the  capacitor.  The  dimensions 
are  13  Inches  diameter  by  8  inches  high  to 
the  outside  of  the  end  plates. 

Electrical  Properties  and  Performance  Measurements 

The  ESR  was  measured  at  1  kHz  according  to  the  me¬ 
thod  in  DOD-C-29501.  Measurements  were  made  at  each  of 
the  four  voltage  setups.  The  results  are  shown  in 
Table  1. 

TABLE  1 

Equivalent  Series  Resistance  Values 
Setup  voltage  (V)  ESR  (ohms) 

S6S3SSBa«SSSSSSSSXSSSS=SSSS:S3SSSSSSSS3SSSSSSSSSSSSXS 

15  0.005 

30  0.009 

60  0.026 

120  0.0B8 

S3SS8SSaSSSS33S3SCSSSSSSSSSSSS3SSSBSSSSsSSS3SS3SS3SSS 

Capacitance  was  measured  by  constant-current 
charging  and  by  ac  impedance  spectroscopy.  Comparison 
of  the  results  can  reveal  non-ideal  behavior. 


0  10  20  20  40  60  60 
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Figure  5.  Stored  charge  vs.  voltage  for  eight  charging 
currents  (  60  V  setup).  C  =  Q/V  is  calcu¬ 

lated  at  26.7  F  for  the  1  A  charging  cur- 
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TIME  (•) 

Figure  6.  Capacitor  voltage  vs.  time  when  charged  at 
50  A  in  the  60  V  setup.  The  capacitance 
calculated  from  this  data  is  22.5  F. 


Figure  7  is  a  plot  of  the  small-signal  impedance 
data  taken  at  the  120  V  setup  with  a  Schlumberger  1260 
frequency  response  analyzer.  Measurements  are  shown 
over  the  frequency  range  300  uHz  to  10  kHz. 

Ideal  4.8  F  capacitor  behavior  is  exhibited  at 
frequencies  below  0.4  Hz.  At  higher  frequencies,  the 
capacitance  declines.  The  observed  self- resonance  at  1 
kHz  corresponds  to  a  device  inductance  of  about  5nH. 
The  ESR  (resistance  at  self-resonance)  is  0.09  ohms. 


Figure  7.  Reactance  and  resistance  vs.  frequency  in 
the  120  V  setup. 
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Capacitor  power  perforaance  was  aeasured  using 
three  types  of  loads--reslstance.  current  sink,  and 
power  sink.  Test  procedures  and  results  follow. 

For  resistance  discharges,  a  low- Inductance, 
water-cooled  ’duap*  resistor  was  used.  A  precision, 
low- inductance  2000-A-capaclty  50  uoha  shunt  resistor 
was  In  the  circuit  to  neasure  current. 

The  capacitor  was  first  charged  to  its  setup  vol¬ 
tage,  usually  with  3  A  current.  The  charging  supply 
was  then  disconnected.  Capacitor  and  shunt  voltage 
connections  were  aade  to  a  50  MHz  dual-channel  digital 
storage  oscilloscope,  which  triggered  at  switch  clos¬ 
ing.  Delivered  power  was  calculated  as  the  product  of 
the  capacitor  voltage  and  circuit  current.  This  proce¬ 
dure  eliminated  the  need  to  have  numerous,  hlgh-precl- 
sion,  high-power  dump  resistors  since  voltage  on  the 
entire  load  (cables,  dump  resistor,  and  shunt  resistor) 
was  measured. 

Figure  8  shows  delivered  power  versus  time  for 
three  capacitor  discharges.  Two  were  at  the  120  V  se¬ 
tup  and  one  was  at  the  60  V  setup.  An  average  power  of 
15  kW  was  delivered  for  nearly  500  ms.  Many  additional 
discharge  tests  were  conducted  using  resistance  loads, 
all  with  comparable  results. 


Figure  8.  Power  performance  with  resistive  loads  in 
the  60  and  120  V  setups.  More  than  15  kW 
was  delivered  for  the  100  ms  time  period. 
An  average  power  of  15  kW  was  delivered 
for  500  ms. 

The  Energy  Systems  tester  located  at  INEL  was  used 
for  constant-power  discharge  testing.  It  was  comprised 
of  a  programmable  control  module,  a  power  absorbing  mo¬ 
dule,  and  a  data  acquisition  module.  The  rise-time  of 
the  power  absorbing  module  was  10  us  (10  to  90X  at 
500  A).  Data  was  acquired  and  recorded  at  100  ms  time 
increments.  Measurement  and  control  resolution  were 
both  0.025X  (12  bit).  The  tester  incorporated  an  on¬ 
line  calibration  system  to  maintain  its  accuracy.  Two 
4/0  cables  from  the  tester  were  connected  to  the  proto¬ 
type  capacitor  for  testing.  Mr.  Ed  Martin,  under  the 
direction  of  Dr.  Andrew  Burke  (both  of  INEL),  conducted 
the  capacitor  tests.  Dr.  John  R.  Miller  from  JME,  Inc. 
witnessed  them. 

These  results  shown  in  Figure  9  confirm  the  power 
potential  of  the  prototype  capacitor.  Results  also 
show  the  extraordinarily  high  power  capability  of 
double  layer  capacitor  technology.  Consistent  results 
during  consecutive  discharge  cycles  were  also  demon¬ 
strated. 

The  INEL  tester  was  also  used  to  obtain  constant- 
current  discharge  data.  A  similar  50  A,  100  s  charge 
to  120  V  was  used.  Power  performance  for  the  constant- 
current  discharge  tests  is  shown  in  Figure  10. 


Figure  9.  Three  consecutive  constant-power  discharges 
at  IS  kW  (120  V  setup). 


Figure  10.  Delivered  power  during  discharges  at  four 
current  levels  from  100  to  400  A  (120  V 
setup) . 


The  equivalent  of  128  capacitor  cells  are  series 
connected  in  the  120  V  setup.  Performance  problems 
could  occur  if  any  were  charged  to  a  voltage  higher 
than  1.22  V.  As  previously  described,  careful  atten¬ 
tion  was  given  to  cell  stack  matching  in  the  prototype 
capacitor  to  avoid  over-voltage.  Balancing  resistors 
were  also  used  to  help  maintain  a  uniform  voltage  dis¬ 
tribution  along  the  cell  stacks. 

Measurements  were  made  to  determine  the  effective¬ 
ness  of  these  approaches  for  establishing  and  then 
maintaining  cell  voltage  balance.  Figure  11  shows  vol¬ 
tage  measurements  between  pairs  of  terminals  obtained 
after  a  3  A  charge  to  120  V  (120  V  setup).  Voltages 
appear  well-balanced.  Each  was  well  below  19  V,  the 
critical  potential  for  electrolysis.  The  voltage  dis¬ 
tribution  after  discharge  of  the  capacitor  to  60  V 
through  a  0.5  ohm  resistor  is  also  shown.  A  uniform 
voltage  distribution  is  evident. 


TeRMIMAI.9 

Figure  11.  Voltage  distribution  in  the  capacitor  after 
a  3  A  charge  to  120  V  (120  V  setup).  Vol¬ 
tages  are  given  between  pairs  of  terminals. 
Also  shown  are  voltage  measurements  after  a 
subsequent  0.5  ohm  discharge  to  60  V. 
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These  changes  should  also  reduce  the  cost  of 
building  large  devices.  In  addition  to  aateriai  sav¬ 
ings,  there  should  be  substantial  tine  and  labor  sav¬ 
ings.  These  savings  are  critical  to  the  Barketability 
of  these  capacitors. 
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Figure  13.  Weight  percent  of  each  material  used  in  the 
prototype  capacitor.  The  electrode  mater¬ 
ial  comprised  19X  of  the  total. 


The  capacitor  was  made  up  of  816  1.5  P  modules. 
Each  module  had  eight  cells  and  was  individually 
sealed.  Optimization  of  a  large  device  does  not  allow 
the  volume  or  weight  required  for  sealing  hundreds  of 
small  modules.  Redundant  packaging  and  seals  could  be 
eliminated  by  building  larger  cells.  Work  is  ongoing 
to  design  devices  with  improved  energy  density.  The 
main  effort  is  to  develop  higher  capacity,  large  geo¬ 
metric  area  particulate  carbon  electrodes.  Large  in¬ 
creases  in  energy  density  would  be  achievable  by  reduc¬ 
ing  the  amount  of  inactive  material  used  for  seals  and 
supporting  packaging,  and  incorporating  improved  carbon 
electrodes.  Designs  with  at  least  60  %  volumetric 
packaging  efficiency  should  be  readily  attainable.  Fi¬ 
gures  12  and  13  show  the  volume  and  weight  fraction  of 
the  various  materials  of  construction  for  the  capaci¬ 
tor. 
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Figure  12.  Volume  percent  of  each  material  used  in  the 
prototype  capacitor.  The  electrode  mater¬ 
ial  occupied  just  33%  of  the  total  volume. 
Larger  area  capacitor  cells  would  signifi¬ 
cantly  reduce  the  volume  fraction  in  the 
cell  stack  package. 


Conclusion 

It  is  possible  to  accurately  predict  the  perfor¬ 
mance  of  large  DLCs  by  the  application  of  models  based 
on  smaller  DLCs.  Demonstrating  this  approach,  a  120  V, 
5  F  capacitor  was  designed  and  constructed  using  models 
developed  for  7.5  V,  1.5  F  modules.  DLCs  with  extreme¬ 
ly  high  power  performance  can  be  built.  The  potential 
exists  for  significant  improvement  in  energy  density. 
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Abatract 

Thia  paper  preaanta  reaulta  from  our  invaatigation  of 
cell  uniformity  requiremanta  for  high-voltage  electro¬ 
chemical  capacitora  (ECa).  A  lumped-element  equivalent 
circuit  modal  ia  firat  derived  to  aimulata  the  elec¬ 
trical  reaponae  of  a  aingle  cell.  Complex  impedance 
data  ia  uaed  for  thia.  Then  a  high  voltage  EC  model 
ia  created  by  aeriea  connecting  theae  aingla-cell 
circuita.  Finally,  model  performance  ia  atatiatically 
evaluated  uaing  a  Monte  Carlo  analyeia.  Both  atatic 
and  dynamical  performance  ia  reported.  Call  voltagea 
are  obtained  aa  a  function  of  the  apecified  tolerancea 
for  each  element  in  the  aingla-cell  equivalent  circuit 
model. 

The  presented  approach  establiahes  the  relationship 
between  cell  uniformity  specif icationa  and  the  maximum 
average  cell  voltage  that  a  multicall  EC  can  be 
operated  at  reliably.  This  approach  can  readily  be 
extended  to  include  thermal  management  specifications. 


same  size  and  rating)  by  lOt.  In  other  words,  10% 
fewer  cells  are  needed  to  obtain  the  same  operating 
voltage.  Thus,  EC  capacitance  will  increase  by  104 
along  with  the  stored  energy.  But  fevier  cells  are 
used — the  oiass  of  the  EC  will  be  10%  lower.  Conse¬ 
quently,  the  resultant  energy  density  increases  by  a 
factor  of  1.1/0. 9  >  1.22  or  22%. 

Similar  calculations  show  that  a  20%  increase  in 
the  average  cell  voltage  of  a  multicell  capacitor 
produces  a  50%  increase  in  its  energy  density! 

There  are  advantages  in  addition  to  energy 
density  for  operating  an  EC  at  the  maximum  possible 
average  cell  voltage.  One  is  reliability.  An  EC 
should  be  more  reliable  with  fewer  cells.  A  second  is 
cost.  It  should  be  lower  when  fewer  cells  are  used. 
And  a  third  is  power  performance.  EC  equivalent  series 
resistance  (ESR)  will  be  lower  with  fewer  cells. 


Circuit  Models 


Introduction 

Electrochemical  capacitors  (ECs)  are  attractive 
power  sources  for  many  reasons.  One  is  energy 
density— ECs  typically  have  10-  to  100-times  higher 
values  than  conventional  capacitors.  Unfortunately, 
the  operating  voltage  of  an  EC  cell  is  low,  typically 
in  the  1-  to  3-V  range  depending  on  electrolyte. 
Thus,  many  cells  must  be  series-connected  to  form  a 
practical  device.  For  example,  hundreds  of  series- 
connected  cells  are  needed  to  satisfy  the  voltage 
requirements  of  the  electric  vehicle  (EV)  load¬ 
leveling  application.  Consequently,  cell-to-cell 
property  and  performance  uniformity  is  critically 
Important  in  order  to  maintain  acceptable  voltage 
balance  within  the  cell-stack. 

For  reliable  EC  operation,  it  is  imperative  that 
the  voltage  on  every  one  of  the  series-connected  cells 
never  exceeds  V^,  the  breakdown  potential  of  the  elec¬ 
trolyte.  This  must  be  met  under  all  operating  condi¬ 
tions.  That  is  during  static  situations,  where  the  EC 
is  held  at  its  maximum  voltage  for  extended  times,  to 
dynamic  operation,  where  it  is  rapidly  charged  or 
discharged.  Consequently,  voltage  balance  must  be 
maintained  at  all  frequencies. 

Significant  advantages  are  offered  by  reducing 
cell  variability  and  thereby  being  able  to  operate  it 
at  a  higher  voltage.  For  example,  if  cell  variability 
were  reduced  so  that  the  average  cell  voltage  could  be 
increased  by  just  10%,  then  the  energy  density  of  the 
device  would  increase  by  over  22%. 

The  above  energy  density  calculation  was  made  as 
follows.  A  cell-voltage  increase  of  10%  reduces  the 
required  number  of  series-connected  calls  (each  of  the 


A  multicell  EC  is  schematically  shown  in  Fig.  1. 
It  is  comprised  of  N  series-connected  cells,  each 
obtained  from  a  specified  population.  The  voltage  on 
an  individual  cell  in  this  string  is  equal  to  its 
impedance  times  the  circuit  current.  Because  the  cells 
do  not  all  have  identical  impedances,  the  voltage  on 
each  one  is  different  and  in  fact  characteristic  of 
the  impedance  population. 


Figure  1:  Schematic  of  a  high-voltage  electrochemical 
capacitor.  The  current  i(t)  is  equal  to  the  voltage 
V(t)  divided  by  the  sum  of  the  cell  impedances.  The 
voltage  on  a  cell  is  equal  to  1  times  its  impedance. 

Fig.  2  is  an  equivalent  circuit  model  for  one  of 
the  above  cells.  It  is  a  five-time-constant  ladder 
network  that  simulates  the  distributed  resistance  and 
capacitance  present  in  an  EC  cell.  Resistor  Rj^  is 
established  by  the  leakage  current.  Resistor  R,  is 
determined  by  the  high-frequency  resistance  of  a  cell, 
i.a.  the  impedance  at  self-resonance,  or  equivalently, 
by  the  IR  drop  during  a  step-change  in  current.  Other 
circuit  parameters  are  derived  using  cell  impedance 
data  with  a  complex-nonlinear- least-squares  (CNLS) 
fitting  routine.  Collectively,  the  five-capacitor/ 
six-resistor  circuit  modal  can  accurately  aimulata  the 
impedance  of  one  EC  call  at  all  frequencies  (1). 
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Fioura  2>  Cqulvalant  circuit  modal  for  a  aingla  call. 
This  fiva-tima-constant  ladder  network  is  derived 
using  ac  impadanca  maasuremants . 

The  above  circuit  modal  can  be  simplifiad  in  the 
limits  of  low  and  high  fraguenciea.  In  the  low-fra- 
quency  or  dc  limit,  all  five  capacitors  in  the  Pig.  2 
circuit  modal  act  as  open  circuits  so  that  the  modal 
reduces  to  a  single  resistor  R^.  In  the  high  fre¬ 
quency  limit,  the  five  capacitor  elements  act  as 
shorts.  Than  the  model  reduces  to  a  single  resistor 
Rg.  Here,  R,  is  assumed  to  be  much  less  that  R|^,  a 
condition  always  mat  in  practical  devices. 

In  summary,  a  circuit  model  that  is  accurate  for 
a  typical  EC  cell  in  the  low-  and  the  high-frequency 
limits  is  very  simple.  It  is  just  one  resistor. 


Model  Results 

High-  and  Low-Freouencv  Limits 

The  equivalent  circuit  model  for  an  EC  cell  in 
the  low-  and  high-frequency  limits  is  a  single 
resistor.  Consequently,  the  current  flowing  in  a 
circuit  comprised  of  N  series-connected  EC  cells  is 
i(t)  •  V(t)/(j^  Here,  V(t)  is  the  time-dependent 

voltage  applied  to  the  N-cell  capacitor  and  R^^  is  the 
resistance  value  of  cell  x. 

For  a  large  number  of  cells  N,  and  where  the 
width  of  the  resistance  distribution  of  the  cells  is 
small  compared  to  its  mean  value  Rg,  the  current  can 
be  well  approximated  as  ig  «  V(t)/(HRg)  (2].  Th.is  in 
the  low-  and  the  high-frequency  limits,  the  voltage  on 
cell  X  is  equal  to  ^x  ^  either  the 

cell's  R^  or  Rg.  Consequently,  the  distribution  of 
cell  voltage  exactly  mimics  the  distribution  of  cell 
resistance  values  in  these  limits. 

Consider  the  distribution  of  cell  voltages  in  the 
multicell  EC  shown  in  Fig.  3.  Here,  >  ^o^o 
average  cell  voltage  and  Vg  is  the  critical  electro¬ 
lyte  breakdown  potential,  a  value  that  can  cause 
irreversible  performance  change  in  a  cell  if  exceeded. 


C*US 


CELL  VOLTAGE  (VI 


Figure  2:  Cell  voltage  distribution  in  a  multicell 
electrochemical  capacitor.  The  average  cell  voltage 
is  V,  and  the  cell  operating  voltage  limit  is  Vg,  the 
breakdown  potential  of  the  electrolyte. 


If  cell  resistance  values  (R,  or  Rj^)  are 
specified  to  have  a  tolerance  of  ±  Y%,  then  it  is 
imperative  that  V,  +  (V,y/100)  i  Vg  for  reliable 
operation.  Rearranging,  V,  S.Vg/(l  +  Y/lOO)  gives  the 
maximum  average  cell  voltage  as  a  function  of  resistor 
tolerance.  Table  1  lists  the  maximum  allowable  cell 
voltages  calculated  from  this  equation  for  an  aqueous 
electrolyte  (Vg  «  1.2  V). 


I&BU  li.  HASUfiOl  AvgWgB  SSUU  VOLTAGE  AB  AQPKW8 
ELECTROLYTE 

Cell  Resistance  Maxiaaim  Average 

Tolerance  (%)  Cell  voltage  (V) 


5 

1.14 

10 

1.09 

20 

1.00 

30 

0.92 

40 

0.86 

50 

0.80 

As  listed  in  the  table,  the  aiaxtmum  average  cell 
voltage  is  1.00  V  for  a  distribution  of  cells  having  a 
resistance  tolerance  of  £  20%.  Average  cell  voltage 
decreases  to  0.92  V  for  a  tolerance  of  7 30%.  And  with 
a  tolerance  of  2  50%,  the  maximum  average  cell  voltage 
is  0.80  V. 

EC  operating  reliability  can  be  estimated  at  a 
given  average  cell  voltage  if  resistance  tolerances 
are  further  specified.  For  example,  if  99.9%  of  the 
cell  resistors  steet  a  ±10%  tolerance,  then  0.1%  could 
be  outside  this  range.  Therefore  in  a  300-cnll  EC 
operating  at  the  maximum  average  cell  voltage  listed 
in  the  Table,  approximately  300  X  0.001/2  •  0.15  cells 
in  the  string  will  have  voltages  greater  than  Vg. 

Consequently,  every  sixth  300-cell  EC,  on  the 
average,  potentially  will  have  a  serious  flaw,  i.e.  a 
"bad  cell."  In  other  words,  -16%  of  the  ECs  assembled 
from  such  a  population  of  cells  may  fall  during  either 
dc  or  high-frequency  operation  if  operated  at  the 
calculated  maximum  average  cell  voltage  of  1.09  V. 

As  a  second  example,  successful  operation  of  an 
aqueous  EC  at  an  average  cell  voltage  of  1.0  V 
requires  a  cell  resistance  tolerance  of  20%.  Assuming 
that  the  cell  resistance  populations  are  normal 
(Gaussian)  and  that  tolerances  are  set  at  the  99.9% 
level,  then  the  required  standard  deviation  for  the 
resistance  values  is  20/3.29  •  6.1%.  (3.29  standard 
deviations  includes  99.9%  of  the  area  under  a  normal 
curve. ) 

Thus  and  R^  in  this  example,  if  normally  dis¬ 
tributed,  need  to  have  a  standard  deviation  of  less 
than  6.1%  in  order  to  provide  reliable  operation  of  an 
aqueous  EC  at  an  average  cell  voltage  of  1.00  V  in  the 
dc  and  the  high-frequency  limits.  For  operation  at  an 
average  cell  voltage  of  1.10  V,  the  corresponding 
standard  deviation  in  resistance  values  is  2.7%.  These 
may  need  to  be  reduced  further,  as  mentioned  before, 
to  permit  acceptable  manufacturing  yields. 

Intermediate-Frequency  R^qjgn 

Voltage-balance  determination  at  intermediate 
frequencies  is  more  complicated  than  at  the  limits. 
Here  the  complete  circuit  model  (Fig.  2)  is  needed  to 
accurately  describe  the  dynamical  response  of  an  EC. 
Variability  in  each  circuit  element  will  affect  the 
cell  voltage  in  some  very  complicated  manner.  For 
example,  one  cell  in  a  series  string  may  experience 
above-average  voltage  when  charged  at  one  rate  and 
below-average  voltage  when  charged  at  a  different 
rate,  depending  on  the  exact  values  of  its  circuit 
elements  from  the  specified  distributions. 

The  cell  voltage  distribution  at  intermediate 
frequencies  was  statistically  determined  using  a  Monte 
Carlo  approach.  This  involved  creating  a  multicell 
circuit  using  elements  randomly  selected  from  the 
specified  populations.  Then  this  circuit  was  analyzed 
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to  obtain  tha  voltaga  on  a  alngXa  call.  Naxt,  anothac 
multicall  circuit  waa  randomly  ganaratad  and  analyxad 
to  obtain  a  aacond  voltaga  valua  for  tha  call.  Thla 
saquanca  was  rapaatad  numaroua  tlmaa  to  astabllah  tha 
distribution  of  call  voltagaa  for  tha  SC. 

Tha  Monta  Carlo  approach  la  damonstratad  ualng 
tha  alngla-call  circuit  shown  In  Pig.  4  as  tha  “build¬ 
ing  block.*  Call  circuit  alamanta  wars  darlvad  ualng 
Impadanca  data  from  a  53-P,  0.012-ohm-ESR,  slngla- 
call,  aquaous  alactrolyta,  doubls  layer  capacitor. 


0.012  0.0034  0.0094  0.02C  2.01 


Ploura  ±t  Slngla-cell  circuit  model  used  to  perform 
tha  Monta  Carlo  voltage  distribution  analysis.  This 
modal  was  derived  using  impedance  data  from  a  53  P 
prototype  capacitor.  The  listed  values  are  In  Farads 
and  Ohms. 

Pour  separata  situations  ara  analyzed.  The  first 
examines  Influences  on  the  cell  voltage  distribution 
due  to  variability  in  tha  ESR.  Here  all  circuit 
elements  except  R,  are  held  fixed.  The  second 
examines  Influences  due  to  variability  In  all  of  the 
resistor  elements.  The  third  examines  Influences  due 
to  variability  In  all  of  tha  capacitor  elements.  And 
the  fourth  examines  Influences  due  to  variability  In 
all  of  tha  circuit  elements  collectively. 

In  each  situation,  the  distribution  of  values  for 
the  circuit  elements  was  assumed  to  be  normal.  A  20% 
tolerance  at  the  99.9%  confidence  level  waa  selected 
for  this  example.  High  confidence  In  the  simulation 
data  was  developed  by  evaluating  SOO  Individual 
randomly-generated  circuits  for  each  of  the  four 
situations. 


Simulations  were  performed  by  applying  sinusoidal 
voltage  waveforms  to  the  multicell  EC.  The  correspond¬ 
ing  average  signal  amplitude  on  each  cell  was  0.25  V. 


Fraquancy  (Hs) 

Figure  Cell  voltage  as  a  function  of  frequency  for 
a  multicell  EC  comprised  of  Fig.  4  cells.  The  average 
cell  voltage  Is  0.25  V.  Data  from  500  simulations  are 
shown.  Only  ESR  has  variability.  It  is  characterized 
by  a  normal  distribution  with  aX20%  tolerance  at  the 
99.9%  confidence  level.  For  thla  EC,  the  high- 
frequency  limit  Is  reached  at  -100  Hz. 

Fig.  5  shows  the  cell  voltage  for  the  first  situ¬ 
ation  where  only  ESR  variability  exists.  If  R,  had 
bean  fixed  In  these  simulations,  than  tha  call  voltaga 
would  have  baan  0.25  V  at  all  frequencies.  As  shown 
In  the  figure,  ESR  variability  has  a  progressively 
greater  affect  as  tha  frequency  Is  raised  above 
-50  mHt  (charga/dlscharge  tlmaa  of  -10  a  or  less). 
From  the  simulations.  It  Is  evident  that  the  capacitor 
reaches  Its  high-frequency  limit  at  -100  Hz.  At 
frequanclas  above  this  value,  tha  width  of  tha  cell 
voltaga  distribution  Is  constant  and  at  a  value 
consistent  with  tha  analytical  results  obtained  In  tha 
high-frequency  limit. 


Fig.  6  shows  call  voltaga  versus  frequency  In  tha 
situation  where  all  circuit  resistor  alasMnts  have 
variability.  Tha  width  of  tha  voltaga  distribution  Is 
greater  than  seen  In  Fig.  5.  At  previously  shown,  a 
distribution  In  the  resistances  primarily  creates 
voltaga  variability  In  the  high-frequency  region. 


Frequency  (Hx) 

Figure  Call  voltage  versus  frequency  for  500 
simulations.  Resistance  values  ware  randomly  selected 
from  normal  distributions  having  20%  tolerance  limits 
at  the  99.9%  confidence  level.  Capacitance  values  ara 
fixed.  The  mean  call  voltage  was  0.25  V. 

Tha  Influence  of  capacitance  variability  on  tha 
cell  voltage  distribution  Is  shown  In  Fig.  7.  The 
low-frequency  region  Is  affected  predominantly  here. 
The  width  of  the  cell  voltage  distribution  increases 
progressively  as  the  frequency  Is  reduced,  reaching  a 
maximum  value  at  -20  mHz  (-25  s  charge  or  discharge 
times) . 


Ff*4u«ney  (He) 


Figure  2^  Cell  voltage  as  a  function  of  frequency  In 
the  multicell  EC  having  an  average  voltage  of  0.25  V. 
Each  of  the  five  capacitor  elements  has  variability, 
characterized  as  normal  distributions  with  20%  toler¬ 
ances  at  the  99.9%  confidence  level. 

Every  circuit  element  has  variability  In  tha 
Fig.  8  simulations.  The  width  of  the  cell  voltage 
distribution  Is  greatest  at  high  frequencies.  The 
minimum  width  of  the  voltage  distribution  is  in  the 
region  -90  mHz  to  -500  mHz. 


Frequency  (Rx) 


Figure  fit  Cell  voltage  versus  frequency  for  a  multi- 
cell  EC.  The  average  call  voltage  Is  0.25  V. 
Voltages  for  the  500  trials  show  the  collective 
Influence  of  variability  in  all  circuit  elements. 
Element  values  have  normal  distributions  with  means 
given  In  Fig.  4  and  tolerances  of  20%  at  the  99.9% 
confidence  level. 

The  simulation  trials  shown  above  can  be  further 
analyzed  to  quantify  the  cell  voltage  distribution. 
Histograms  of  cell  voltages  for  the  case  where  all 
circuit  elements  have  variability  ara  shown  In  Fig.  9. 
Results  are  given  for  three  frequency  bands,  0.01  to 
0.02  Hz,  0.1  to  0.2  Hz,  and  1  to  2  Hz.  The  mean  of 
each  distribution  Is  vary  close  to  0.2S  V,  the  value 
expected.  Standard  deviations  for  each  band  ara 
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rMp«ctiT«l.y  0.0077  V,  O.OOSS  V,  and  0.0077  V.  Tha 
■axUnia  ebaarvad  voltagaa  in  aach  band  ara  alaillar  and 
aqual  to  approxiMtaly  0.37  v. 


rioura  2i  Call  voltaga  hlatograma  in  thraa  fraquancy 
banda  obtainad  via  Monta  Carlo  aimulationa  of  a  multi- 
call  IC  (fig.  8  data).  Tha  avacaga  call  voltaga  waa 
0.35  V.  All  circuit  alamanta  hava  variability  charac- 
taritad  by  normal  diatributiona  and  30%  tolaranca 
limita  at  tha  99.9%  confidanca  laval. 

A  Monta  Carlo  tranaiant  analyaia  aimulation  waa 
alao  parformad  on  tha  aama  multicall  BC  for  tha  aitua- 
tion  whara  all  circuit  alamanta  hava  variability. 
Kara,  tha  avaraga  call  voltaga  waa  rampad  linaarly 
from  0.5  V  to  1.0  V  in  30  a  followad  by  a  linaar 
dacraaaa  to  O.S  V  in  10  a.  Fig.  10  ahowa  tha  voltaga- 
tima  raaulta  for  tha  500  triala. 


TIM  (•) 


Flnura  10 t  Call  voltaga  varaua  tima  for  a  multicall  BC 
formad  uaing  Fig.  4  call  modala  and  a  30-a  charga, 
10-a  diacharga  wavaferm.  Bach  circuit  alamant  had 
variability  charaetarixad  by  a  normal  diatribution 
with  30%  tolaranca  limita  at  tha  99.9%  confidanca 
laval.  Tha  avaraga  paak  call  voltaga  waa  1.0  V. 


A  hiatogram  of  paak  call  voltagaa  for  tha  abova 
aimulation  la  ahown  in  Fig.  11.  Tha  maan  of  tha  dia¬ 
tribution  wan  1.004  V,  tha  atandard  daviation  waa 
0.039  V,  and  tha  maximum  call  voltaga  waa  1.084  V. 


Finura  111  Hiatogram  of  peak  call  voltagaa  obtainad 
for  a  500-trial  Monte  Carlo  tranaiant  analyaia  aimula¬ 
tion  of  a  multicell  EC.  Tha  average  peak  call  voltage 
waa  1.00  V.  The  maximum  cell  voltage  obaerved  in  the 
aimulationa  waa  1.084  V. 


Diacuaaion 

Tha  diatribution  of  call  voltagaa  in  a  multicall 
EC  dependa  on  tha  diatribution  of  cell  impedancaa. 
Becauae  tha  cell  impedance  ia  complex,  tha  voltage 
diatribution  will  be  fraquancy  dependent.  Raaulta  from 
thia  atudy  ahow  that  tha  width  of  tha  cell  voltage 
diatribution  ia  greateat  at  tha  high-  and  lo««- 
fraquancy  limita.  Thua,  voltage  imbalance  aituationa 
ara  moat  problematic  during  high-rate  charging  or 
diacharging  and  during  conatant -voltage  conditiona. 

The  above  concluaien  la  baaed  on  three  aaaumptiona. 
Firat,  eleraenta  in  the  circuit  model  of  a  call  are 
independent  random  variablea.  Second,  they  all  fit  a 
normal  diatribution.  And  third,  their  tolerancea  are 
identical.  For  a  apeclfic  multicell  EC,  the  popula¬ 
tion  of  calla  uaed  to  aaaembla  it  muat  be  character¬ 
ized  and  uaed  to  eatabliah  the  actual  diatributiona  of 
circuit  element  valuea.  Then  in  uaing  tha  daacribad 
approach,  the  maximum  average  cell  voltage  for 
reliable  EC  operation  can  be  accurately  determined. 

Thia  approach  ahould  alao  be  uaeful  for  eatabliahing 
thermal  management  apacif icationa  in  large,  multicell 
BCa.  EC  propertiea  and  performance  ara  strongly  dapen- 
dent  on  tsmperature  [1].  Thua,  thermal  gradients  may 
create  voltaga  uniformity  problems  even  if  every  cell 
is  identical.  Temperature  coefficients  can  be  deter¬ 
mined  for  each  element  in  the  equivalent  circuit  modal 
of  a  cell  and  used  in  Monta  Carlo  simulations.  Thus, 
temperature  as  well  as  cell  property  uniformity 
requirements  can  be  established. 
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Chemical  double  layer  capacitors  have  high  energy 
densities  compared  to  elec^lytic  capadtms  and  high  power 
deisities  compared  to  batteries.  These  properties  m^  CDL 
capacitors  applicable  to  various  applications  such  as  load 
leveliitg  in  dectric  vehicles.  Some  shortcomings  of  carbon- 
based  CDL  capacitors  are  relatively  high  equivalent  series 
resistance,  pressure  requirements,  and  difficulty  In 
maintaining  uniformity.  Auburn  composite  eleettode 
technology,  which  is  de^bed  within,  addresses  all  of  these 
problems.  Some  of  the  routes  takm  towards  optimum 
processing  conditions  and  composite  electrode  formulations 
will  also  ^  discussed. 

introduction 

The  history,  ftmdamentals,  and  general  uses  of 
chemical  double  layer  (CDL)  capacitors  have  recently  been 
reviewedl'2/3.  CDL  capacitors  possess  much  hitter  energy 
densities  than  electrolytic  capacitors  and  their  power 
densities  outstrip  batteries  by  orders  of  magnitude. 
Furthermore  since  CDL  energy  is  a  physical  phenomenon, 
the  number  of  charge-discharge  cycles  is  not  limited  by 
factors  normally  aff^ng  rechargeable  batteries.  Carbon- 
based  CDL  capacitors  do  have  some  shortcomings.  Namely 
the  equivalent  series  resistance  (ESR)  is  relatively  high, 
pressure  is  required  to  maintain  physical  contact  between 
high  surface  area  carbon  particles^'2,  and  \iniformity  is 
difficult  to  obtain  (as  evidenced  by  in-house  characterization 
of  purchased  CDL  capacitors).  Auburn  composite  electrode 
tedmology  addresses  all  of  these  problems. 

Specifically  these  composite  electrodes  consist  of  a 
dispersion  of  high  surface  area  activated  carbon  fibers  wititin 
a  bmded  conductive  metal  fiber  network.  The  metal  fiber 
network  serves  as  an  extension  of  the  foil,  to  which  it  is 
bonded,  into  the  charge  storage  medium.  The  result  is  low 
ESR  and  no  pressure  requiren^t  for  operational  capacitors. 
Electrode  preforms  are  made  by  combining  metal  and 
carbon  fibm  with  a  suitable  binder  using  a  conventional 
paper-making  process  which  yields  homogeneity  and 
uniformity  both  within  sheets  and  firom  one  sheet  to  the 
next.  9nce  paper  production  is  a  well  established  art,  tiie 
transition  from  lateratory  scale  to  plant  scale  production 
would  be  relatively  smooth.  Anoffier  advantage  to  this 
technology  is  the  aWty  to  tailor  the  electrodes  to  particular 
power  or  energy  densities  as  demanded  by  an  application. 
This  is  accomplished  primarily  through  sei^on  of 
electrode  formulation  (i.e.  carbon:inetal:bin&  ratio)  but  care 
must  be  taken  not  to  adversely  affect  the  carbon  during  the 
sintering  process  which  is  required  to  bond  the  metal  fibers 
to  one  another  and  to  foils.  This  paper  describes  methods 
used  to  determine  electrode  formtdations  for  maximum 
energy  densities  while  maintaining  low  ESR  as  wdl  as  the 


procedures  used  to  produce  finished  electrodes  without 
degradation  of  the  active  carbon. 

EgRfzilOaitll 

Materials 

Chopped  activated  carbon  fibers  (2  mm  lengtii,  8  tun 
diameter)  with  surface  area  ca.  1500  m^/g  were  obtained 
from  Federal  Fabrics.  The  cellulose  binder  was  a  cotton 
based  ashless  paper  (Whatman).  Chopped  nickd  fiber  (2 
nun  length,  2  tun  diameter)  was  purchased  from  Ribtec. 
Airco  provided  argon  (99.997%)  and  hydrogen  (99.95%), 
which  were  used  without  additional  purification. 
Electrol^,  6.1  M  KOH,  was  prepared  from  a  45%  solution 
(Hsher  Scientific)  using  distilled  water  as  a  diluent.  Nickel 
foil  (13  tun  thick)  was  acquired  firom  Hne  Metals. 

PEcfwmFaWartion 

Particular  carbon-metal-cdlulose  formulations  were 
selected  and  appropriate  amounts  of  ead\  component  were 
blended  together  until  homogeneous.  Sheets  of 
approximately  20x20  cm  were  made  using  an  Adirondack 
sh^  mold.  All  of  these  operations  were  carried  out  using 
distilled  water  to  limit  ion  contamination.  Disks  0.57  cm  in 
diameter  were  punched  out  of  sheets,  aligned  on  foUs, 
sandwiched  between  fused  silica  plates  and  held  in  place 
with  fused  silica  dips. 

glnttring 

Clipped  assemblies  were  lowered  into  a  10  cm  ID 
fused  silica  reactor  tube  whid\  was  heated  witii  an  ATS  tube 
furnace.  After  purging,  various  steps  were  implemented  as 
will  be  detailed  below.  The  reactor  was  equipped  with  a  K- 
type  thermowell  inserted  axially  to  locate  foe  tip  at  foe 
center  of  the  region  where  foe  samples  were  plao^.  This 
provided  more  reliable  local  temperahues  than  foe  funuice 
thermocouples  which  were  external  to  the  reactor  tube  and 
in  fact  closer  to  the  heating  elements  than  to  the  center  of  the 
flowing  reactant  stream.  Gas  flow  rates  were  determined 
and  contrNled  with  calibrated  rotameters.  Total  flow  rates 
(except  during  purging  periods)  were  set  at  about  500 
ml/min  (STP)  which  conesponds  to  a  linear  flow  rate  of 
about  6.2  cm/min.  All  reactions  were  carried  out  at 
atmospheric  pressure. 

ElttttgiteChiacigtettten 

Finished  electrodes  were  impregnated  with 
electrolyte  and  assembled  in  pairs  with  ion-permeable 
polymer  separators.  This  assembly  was  positioned  between 
two  nideel  plates  which  served  u  foe  electrical  connections. 
Sample  capacitors  of  this  type  were  then  charged  under  a 
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potential  of  0.98-1.02  V  for  two  minutes  followed  by 
discharge  into  a  known  load.  Charge-discharge  cycles  were 
monitored  with  a  Lecroy  9450a  oscilloscope.  Waveforms 
were  downloaded  and  analyzed  to  determine  capacitance. 
ESR,  energy,  etc.  After  a  series  of  tests,  the  samples  were 
weighed  to  allow  calculation  of  the  gravimetric  energy 
density  and  specific  capacitance. 

Results  and  Discussion 
Sintering  Procedures 

Bonding  of  metal  fibers  to  one  another  and  to  the  foil 
is  critical  to  formation  of  the  conductive  network  which 
reduces  ESR  and  also  provides  mechanical  strength  to  the 
resultant  electrodes.  Sintering  basically  involves  the  use  of 
thermal  energy  to  accelerate  diffusion  processes  which  cause 
bonding  at  every  metal-metal  contact.  Initial  work  involved 
the  use  of  hydrogen  to  remove  surface  oxides  which  tend  to 
impede  sintering^/^.  Hydrogen  also  promotes  gasification 
rather  than  pyrolysis  of  cellulose  and,  of  course,  would  tend 
to  reverse  the  oxidation  of  metals  which  could  occur  by 
reaction  with  certain  cellulose  gasification  products. 
Unfortunately  many  metals  catalyze  hydrogasification  of 
carbon  at  metal  sintering  conditions.  In  fact 
hydrogasification  of  amorphous  carbon  can  occur  below 
t^ical  sintering  temperatures  of  nickel  without  the  presence 
of  a  catalyst.  In  either  case  surface  area  and  thus  charge 
storage  area  would  be  lost.  One  approach  for  reduction  of 
carbon  losses  from  gasification  was  to  adjust  sintering 
temperatures  to  take  advantage  of  the  difference  in 
activation  energies  of  diffusion  and  catalyzed  gasification, 
which  has  been  illustrated  with  electrodes  containing 
stainless  steel^/^.  xhis  procedure  involved  a  room 
temperature  purge  followed  by  immersion  of  the  reactor  into 
a  hot  furnace.  The  approach  taken  here,  however,  was  to 
break  the  procedure  into  additional  steps  in  order  to 
completely  prevent  hydrogen  induced  carbon  damage  rather 
than  reducing  it. 

Procedure  1  includes  three  steps,  namely  purging, 
drying,  and  sintering.  The  drying  step  was  added  bas^  on 
evidence  that,  in  the  presence  of  nickel,  hydrogen-water 
mixtures  more  readily  gasify  graphite  than  either  component 
aloneS.  Addition  of  the  drying  step  had  little  impact  on  the 
total  time  of  the  reaction  sequence  since  it  was  actually 
incorporated  by  heating  to  200‘’C  during  a  portion  of  the 
purging  step  required  to  remove  oxygen  prior  to  addition  of 
hydrogen  to  the  reactor.  Following  the  drying  step 
hydrogen  (1%  H2/Ar)  was  admitted  and  the  reactor 
temperature  was  increased  to  a  sintering  temperature  of 
1050°C.  Data  from  electrical  characterization  of  samples 
made  using  procedure  1  and  other  procedures  are  listed  in 
Table  1.  Since  complete  gasiflcation  of  cellulose  would  leave 
a  void  to  be  filled  with  electrolyte,  the  second  procedural 
adaptation,  labeled  procedure  2  included  a  SOO’C  pyrolysis 
step  carried  out  in  the  same  argon  flow  used  during  drying. 
Pyrolysis  was  followed  by  a  sintering  step  with  1%  H2/Ar. 
The  rationale  was  that  the  potential  void  could  be  left  filled 
with  a  carbonized  cellulose  fiber  which  would  provide  a 
modest  addition  to  the  charge  storage  surface  area.  Table  1 
indicates  that  this  pyrolysis  step,  while  affecting  the  specific 
capacitance  in  only  a  limited  fashion,  resulted  in 
significantly  lower  energy  density  as  compared  with  the 
previous  procedure. 


Table  1.  Evaluation  of  Sintering  Procedures. 


■iTarHi^ 

There  seemed  to  be  little  to  gain  from  use  of  pyrolyzed 
cellulose  and  some  question  about  the  fate  of  the  cellulose 
pyrolyzation  products.  SpeciEcally  if  any  of  these  products 
were  relatively  high  molecular  weight  hydrocarbons  then 
the  potential  existed  that  these  molecules  would  adsorb  and 
remain  on  the  active  carbon  under  these  conditions.  It  was 
also  possible  that  these  species  would  pyrolyze  rather  than 
volatilize  as  the  temperature  was  rais^  during  the  actual 
sintering  step.  This  would  result  in  loss  of  charge  storage 
area  especially  if  pore  openings  were  blocked. 

The  next  change  in  procedure  was  the  addition  of  5% 
hydrogen  to  prevent  pjrrolysis  of  cellulose  and  to  promote 
formation  of  low  molecular  weight  cellulose  gasification 
products  which  would  be  less  likely  to  adsorb  on  the 
activated  carbon  at  these  temperatures.  This  procedure, 
labeled  3,  also  eliminated  hydrogen  from  the  sintering  step 
altogether.  Inclusion  of  hydrogen  at  500°C  should  be 
sufficient  to  remove  surface  oxides  from  nickel,  and  since 
cellulose  was  removed  no  hydrogen  was  necessary  during 
the  sintering  step  to  reverse  oxidation  of  metal  by 
gasification  products.  Procedure  3,  in  summary,  includes  a 
purging/drying  step,  a  cellulose  elimination/metal 
reduction  step,  and  an  argon  sintering  step.  As  Table  1 
shows,  these  changes  further  enhanced  the  energy  density 
while  the  specific  capacitance  decreased.  The  capacitance 
decrease  was  probably  caused  by  active  carbon  surface  area 
reduction  due  to  cellulose  gasification  products  as  explained 
above.  The  greater  energy  density  suggests  that  elimination 
of  cellulose,  as  opposed  to  pyrolysis,  was  favorable.  This 
was  understandable  in  light  of  the  fact  that  the  interstices 
between  fibers  were  never  completely  filled  with  electrolyte 
so  leaving  them  filled  with  relatively  low  surface  area 
carbonized  cellulose  was  paramount  to  adding  dead  weight. 

Procedures  4  and  5  involved  the  use  of  successively 
larger  concentrations  of  hydrogen  during  the  cellulose 
elimination/metal  reduction  step  for  the  purpose  of  further 
promoting  the  formation  of  low  molecular  weight  cellulose 
gasification  products.  The  data  in  table  1  show  that  this 
approach  was  successful.  In  fact  the  specific  capacitance 
improvements  support  the  idea  that  cellulose  gasification 
pr^ucts  can  lead  to  loss  of  surface  area.  Further  work 
should  be  done  to  refine  the  temperatures  and  duration  used 
for  each  step. 

Generally  comparisons  of  sintered  and  unsintered 
samples  show  that,  while  sintering  improves  ESR  and 
energy  density  (due  to  better  utilization  of  carbon  and 
removal  of  cellulose),  the  specific  capacitance  always 
decreases  due  to  some  degradation  of  the  carbon.  The  data 
in  Table  2  seem  to  indicate  that  procedure  5  improves  the 
carbon.  It  is  possible  the  improved  capacitance  might  be  due 
to  improved  utilization  of  the  carbon  allowed  by  the 
conductive  network.  Nonetheless  this  illustrates  that  this 
reaction  sequence  is  certainly  not  detrimental  to  the  carbon. 
Also  note  the  vast  improvement  in  ESR  and  concomitant 
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increase  in  energy  density  afforded  by  the  conductive 
network. 


Table  2.  Comparison  Between  Sintered  and  Unsintered 
Electrodes. 


Sample 

numDer 

Voltage 

V 

Spec.  Opac. 
F/g  carbon 

— ESR — 
o 

Energy 

]/* 

Density 

Wh/k« 

48  sintered 

1.01 

IST 

OTO 

t.W 

i.54 

unsintered 

1.01 

134 

0.83 

5.02 

1.39 

59  sintered 

i.Ol 

155 

— CDS — 

6.32 

\7i 

unsintered 

1.01 

103 

0.80 

4.92 

137 

result  in  lower  energy  densities  as  expected.  When  the  metal 
content  was  too  low  the  energy  storage  capability  of  the 
carbon  was  not  realized  and  again  the  energy  density  was 
low.  It  appeared  that  the  optimal  ratio  of  carton  to  metal  for 
nuiximum  energy  density  was  in  the  range  85-90%.  It  should 
be  noted  that  higher  metal  content  will  generally  result  in 
lower  ESR  and  higher  power  densities.  The  metal-carton 
formulation  can  be  manipulated  to  tailor  capacitors  to 
various  power  or  energy  density  specifications  as  demanded 
by  a  given  application. 


Preform  Formulation 

Effect  of  Cellulose:  A  carton;metal  ratio  of  6:1  was 
chosen  to  study  the  effect  of  cellulose  content  on  the 
performance  of  finished  electrodes.  Sheets  with  cellulose 
contents  of  1-30%  by  weight  were  made,  and  electrodes  were 
fabricated  using  procedure  5  discussed  above.  As  shown  in 
Figure  1,  cellulose  content  did  not  appear  to  dramatically 
effect  energy  density  at  levels  from  5-20%.  Above  20%  two 
effects  were  probably  detrimental.  First,  greater  void 
volume  was  left  when  cellulose  was  gasified,  and  to  the 
extent  that  the  voids  were  filled  with  electrolyte  greater 
device  masses  and  lower  energy  densities  resulted.  The 
second  effect  was  that  with  larger  amounts  of  cellulose 
greater  quantities  of  gasification  products  were  formed  and 
could  have  potentially  resulted  in  reduction  of  activated 
carbon  surface  area  by  surface  fouling  as  detailed  above. 
Interestingly  at  the  lowest  cellulose  content  tested,  namely 
1%,  the  energy  density  was  a  bit  low.  The  cellulose  binder 
was  necessary  to  ensure  metal-metal  contacts.  With  reduced 
contact  there  was  reduced  bonding  which  led  to  an  inferior 
conductive  network  and  inefficient  utilization  of  active 
carton  area.  The  cellulose  content  should  probably  remain 
in  the  range  of  2-10%  for  best  carbon  utilization  and  minimal 
degradation  of  carton. 


60  65  70  75  80  85  90  95  100 

Percent  Carbon  in  Finished  Electrode 


Figxue  2.  Effect  of  Carton  to  Metal  Ratio. 

Conclusions 

A  reaction  sequence  can  be  used  to  prevent  rather 
than  simply  reduce  hydrogen-induced  degradation  of  the 
active  carton  charge  carrying  substrate. 
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Figure  1.  Effect  of  Cellulose  Content  of  Electrode  Preforms. 


Carbon:Metal  Ratio:  With  cellulose  content  in  the 
range  specified  above,  formulations  were  chosen  to  study 
the  effect  of  the  carton.metal  ratio.  Sample  electrodes  were 
made  according  to  procedure  5  detailed  above.  The  results 
shown  in  Figure  2  indicate  that  lower  percentages  of  carton 


Cellulose  content  should  remain  in  the  range  of  2-10% 
for  maximum  energy  densities. 

The  carbon  content  relative  to  metal  should  lie  in  the 
range  85-90%  to  maxiiiuze  energy  densities. 
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Introduction 

Double  layer  capacitors  (DLCs)  are  energy  storage 
devices  that  have  gained  acceptance  in  recent  years. 
Their  energy  and  power  density  make  them  attractive  for 
applications  whose  performance  requirements  fall  between 
traditional  electrostatic  capacitors  and  rechargeable 
batteries.  They  store  more  energy  per  weight  than 
traditional  capacitors,  and  they  discharge  the  energy  at  a 
higher  power  density  than  r^argeable  batteries.  The 
cycle  life  of  these  devices  exceeds  that  of  any 
rechargeable  battery  system  because  of  the  highly 
reversible  nature  of  charge  adsorbed  in  the  double  layer. 
Charge/Discharge  cycles  of  300,000  times  have  been 
reported.' 

An  application  for  DLCs  that  has  recently  drawn 
attention  is  the  use  of  these  devices  to  level  the  load  of 
batteries  in  electric  vehicles.^  This  would  reduce  the  peak 
power  requirements  of  the  batteries  and  allow  them  to  be 
designed  for  higher  energy  density  and  longer  cycle  life. 
In  the  spring  of  1992,  Maxwell  Laboratories  was  awarded 
a  multi-year  development  contract  by  the  Department  of 
Energy  (DOE)  and  EG&G  Idaho  to  develop 
high-energy-density,  high-power-density  eiectrochemicai 
capacitors.  The  goal  of  this  contract  is  to  manufacture 
devices  that  meet  the  DOE  design  specifications  for  a  load 
leveling  device  in  an  electric  vehicle.  The  performance 
criteria  for  this  device  are  the  delivery  5  Wh/kg  with  a 
power  rating  of  600  W/kg.  The  capacitor  must  also  have 
an  overall  charge/discharge  efficiency  of  90%  and  a  useful 
life  of  over  100,000  discharge  cycles.  Maxwell's  technical 
approach  is  to  develop  bipolar  double  layer  capacitors 
using  high-surface-area  carbon  fiber  electrodes.  This 
bipolar  capacitor  stack  will  operate  at  350  V  and  stores  1 .8 
MJ  of  energy. 

Early  in  this  contract  two  design  approaches  were 
adopted.  The  first  uses  an  aqueous  solution  as  the 
solvent  for  the  electrolyte.  Because  of  the  high  ionic 
conductivity  of  aqueous  based  solutions,  capacitors 
employing  these  solutions  tend  to  have  low  equivalent 
series  resistances.  However,  the  operating  voltage  of 
these  solutions  is  typically  below  1.0  volts,  which  limits  the 
amount  of  energy  that  can  be  stored  in  these  devices. 
The  second  design  uses  an  organic  solvent  to  dissolve  the 
electrolytic  salt.  Capacitors  made  from  these  solutions  can 
operate  at  a  higher  cell  voltage,  and  thus  they  can  store 
more  energy.  A  lower  ionic  conductivity,  however, 
increases  the  equivalent  series  resistance. 


Both  the  aqueous  and  organic  designs  use 
high-surfaca-area  carbon  fiber  in  the  electrodes.  This 
material  was  chosen  because  of  its  high  performance, 
availability,  and  relative  low  cost.  Porous  carbon  has  been 
recognized  as  a  high  performance  material  for  DLCs  since 
the  first  units  were  developed.*  Early  designs  used 
activated  carbon  paste  electrodes.*  These  electrodes 
were  made  from  a  slurry  of  activated  carbon  powder  and 
the  electrolytic  solution.  These  electrodes  had  to  be  held 
under  high  pressures  to  overcome  contact  resistance 
between  carbon  particles.  The  high  pressure  is 
acceptable  for  small  electrodes,  but,  as  the  electrodes  are 
scaled  to  larger  sizes,  the  packaging  pressure  increases 
dramatically.  Because  of  the  size  of  the  capacitor  being 
developed  for  the  electric  vehicle  application,  this 
approach  is  unacceptable.  Maxwell  has  been  developirig 
metal/carbon  composite  electrodes  that  reduce  the 
packaging  pressure  and  internal  resistance.  These 
improvements  are  accomplished  by  reducing  the  number 
of  carbon-carbon  contacts  that  current  must  flow  through 
to  reach  highly  conductive  metal  directly  connected  to  the 
current  collector.  Maxwell's  main  approach  utilizes  a 
sintered  carbon/metal  electrode. 

In  addition  to  reducing  the  internal  resistance  in 
the  capacitor,  the  electrode  must  posses  a  high 
capacitance.  The  capacitance  is  determined  by  the 
characteristics  of  the  carbon  fiber.  The  surface  area, 
density,  pore  volume,  and  pore  diameter  of  the  fiber  may 
all  change  the  performance  of  the  capacitor.  Results  may 
also  vary  widely  depending  on  which  electrolytic  solution  is 
used.  Cost  is  also  an  important  factor  when  selecting  a 
fiber  for  a  DLC.  The  fiber  price  increases  dramatically  as 
the  surface  area  per  mass  increases.  It  is  important  to 
determine  which  fiber  provides  the  optimum  performance 
from  a  cost  perspective.  This  paper  summarizes  a  study 
that  was  undertaken  at  Maxwell  Laboratories  to  find  an 
optimum  carbon  fiber  for  both  the  aqueous  and  organic 
electrolyte  designs.  Four  carbon  fibers  of  varying  physical 
r^aracteristics  were  examined  for  performance  when 
employed  in  a  sinter-fused  composite  electrode.  The 
optimum  fiber  for  both  electrolytic  solutions  is  identified.  A 
comparison  between  capacitors  made  with  the  organic  and 
aqueous  electrolytes  is  also  made  in  relation  to  the 
program  goals. 


Work  supported  by  the  U.S.  Department  of  Energy,  under 
INEL  EG&G  Idaho ,  Subcontract  #091-103647. 
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Experimental  Methods 

Capacitor  Fabrication 

The  carbon  fibers  examined  in  this  study  were 
tested  in  sinter-fused  carbon/nickel  composite  electrodes 
This  fabrication  process  has  been  described  in  detail 
elsewhere.®*  Briefly,  electrodes  were  fabricated  by  first 
creating  paper-like  electrode  precursors  consisting  of  a 
mixture  of  carbon,  nickel,  and  cellulose  fibers.  Presintered 
electrodes  were  cut  from  these  paper  sheets,  pressed 
against  nickel  foil,  and  run  through  a  two  stage  heating 
process  that  sinter-fuses  the  nickel  fibers  to  themselves 
and  to  the  nickel  foil.  This  process  greatly  reduces  the 
number  of  carbon-carbon  contacts  current  must  flow 
through  to  reach  a  metal  fiber  that  is  connected  directly  to 
the  current  collector.  Thus,  the  resistance  of  the  device  is 
reduced.  The  carbon  fibers  used  for  this  study  were 
approximately  9  pm  in  diameter  and  3  mm  in  length.  The 
nickel  fibers  were  2  4m  in  diameter  and  3  mm  in  length, 
and  the  cellulose  fibers  were  8  urn  in  diameter  and  5  mm 
in  length. 

Capacitors  made  for  this  study  consisted  of  two 
sinter-fused  composite  electrodes  of  approximately  20  cm' 
surface  area  and  0.028  cm  thickness.  An  ionic  separator 
was  placed  between  the  two  electrodes.  The  composite 
electrodes  and  cell  separator  were  vacuum  impregnated 
with  the  electrolytic  solution.  The  assembled  capacitor 
was  then  placed  into  a  cell  holder  which  sealed  the  device. 
Figure  1  shows  a  diagram  of  the  capacitor  and  cell  holder. 

Testing  Methods 

Once  the  capacitors  were  fabricated  and  assembled 
in  the  cell  holders,  the  equivalent  series  resistance  and 
capacitance  were  measured.  The  series  resistance  was 
determined  from  the  initial  voltage  drop  during  constant 
current  discharge.  Determination  of  capacitance  was  not 
as  straightfonvard  as  that  of  the  resistance,  because  the 
charge  delivered  by  a  DLC  can  vary,  depending  on  the 
rate  of  discharge.  Often  the  voltage  dropped  more  quickly 
than  expected  during  a  rapid  discharge:  if  the  capacitor 
was  allowed  to  stand  after  discharge  the  voltage  recovered 
to  the  expected  level.  To  help  quantify  this  effect  two 
different  techniques  were  used  to  measure  the 
capacitance. 

The  first  technique  was  designed  to  measured  the 
total  charge  stored  in  the  capacitor.  This  measurement 
was  accomplished  with  a  potential  step  test.  In  this  test, 
the  capacitor  was  charged  to  full  voltage.  Then  it  was 
subsequently  discharged  through  a  1.0  ohm  resistor,  with 
a  potential  step  from  the  initial  voltage  down  to  zero  volts. 
As  the  capacitor  discharged  into  the  resistor,  the  current 
was  measured  and  integrated  to  obtain  the  charge.  The 
discharge  was  allowed  to  continue  for  ten  minutes,  and  the 
capacitor  was  then  left  at  open  circuit  so  the  voltage  could 
stabilize.  After  several  hours,  the  final  voltage  was 
recorded.  The  voltage  recovered  was  subtracted  from  the 
initial  voltage;  then  the  capacitance  was  calculated. 


application.  In  this  test,  a  constant  current 
ch^ge/discharge  cycle  at  50  mA/cm'  was  used  to 
measure  the  capacitance  This  method  counts  only  the 
charge  that  is  available  for  rapid  utilization.  The  test 
consisted  of  a  constant  current  charge  followed  by  a  rest 
period,  then  a  constant  current  discharge.  Both  the  charge 
and  discharge  were  conducted  at  50  mA/cm*  The  rest 
period  was  one  third  of  the  charge  time.  The  capadtarx^ 
was  calculated  from  the  slope  of  the  voltage  response. 
This  test  method  is  the  more  important  of  the  two  for 
determining  performance  in  the  electric  vehicle  ay^plication. 
For  this  application,  only  the  charge  that  is  available  for 
rapid,  continuous  cycling  is  important.  The  potential  step 
test  does,  however,  provide  important  information  about 
the  total  charge  stored  in  the  capacitor. 

Results 


Four  types  of  activated  carbon  fiber  with  varying 
physical  characteristics  were  used  in  this  study  The 
characteristics  of  the  fibers  are  shown  in  Table  1.  It  can 
be  seen  that  as  the  surface  area  increases,  the  pore 
radius  and  pore  volume  dramatically  increase.  This 
relationship  suggests  that  the  fiber  density  is  dropping  and 
that  some  of  the  increase  in  surface  area  is  due  solely  to 
changes  in  fiber  density  arising  from  an  increasing  fiber 
porosity.  From  the  pore  volume  data,  the  fiber  density 
and  porosity  can  be  calculated.^  The  fiber  porosity  (e,)  is 
defined  as: 

_  pore  volume _ rnVt _ Wps 

~  total  fiber  volume  ~  ^  +  m(^)  ^ 


where: 

m  =  mass  of  the  fiber 

V,  =  pore  volume  of  the  fiber 

p,  =  density  of  solid  carbon  -assume  to  be  t  .Sglon’ 

The  fiber  density  (p,)  is  calculated  from: 


Figure  2  shows  how  the  fiber  density  decreases  with 
increasing  surface  area.  Also  shown  is  the  surface  area 
on  a  volume  basis.  This  surface  area  remains  relatively 
constant  as  the  surface  area  increases  on  a  mass  basis. 

Table  1 


Physical  Characteristics  of  Carbon  Fibers 


Fiber 

Surface  Area 
(m'/g) 

Pore  Radius 
(A) 

Pore  Volume 
(ml/g) 

GF10 

1,000 

9 

0.22 

GF15 

1,500 

12 

0.5 

GF20 

2,000 

16 

0.75 

GF25 

2,500 

22 

1.2 

Carbon  Fiber  Density 


The  second  method  of  measuring  capacitance  was 
designed  to  more  closely  represent  the  electric  vehicle 
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Aqueous  Electrolyte  Results 

The  results  of  the  aqueous  electrolyte  tests  are 
shown  in  Figure  3.  The  potential  step  test  measured 
consistently  higher  capacitance  than  the  constant  current 
test.  This  result  is  obtained  because  a  fraction  of  the  total 
capacitance  is  not  available  for  rapid  discharge.  The 
higher  surface  area  carbons  had  a  higher  capacitance 
However,  these  performance  gains  are  negated  by  the  fact 
that  the  high  surface  area  fibers  have  a  lower  fiber  density 
This  relationship  leads  to  thicker  electrodes  that  require 
more  electrolytic  solution.  Given  that  the  high  surface  area 
carbon  fibers  cost  many  times  more  than  the  low  surface 
area  fibers,  it  will  be  more  cost  effective  to  use  the  low 
surface  area  carbon  with  this  design. 

Organic  Electrolyte  Results 

The  organic  electrolyte  test  results  are  shown  in 
Figure  4  These  results  differ  dramatically  from  the 
aqueous  electrolyte  tests  First,  there  is  not  a  large 
difference  in  capacitance  between  the  voltage  step  test 
and  the  constant  current  tests  This  shows  that  a  larger 
fraction  of  the  charge  is  available  for  rapid  discharge  with 
this  electrolyte.  Figure  4  further  shows  that  there  is  a 
dramatic  increase  in  performance  with  increasing  surface 
area.  The  aqueous  electrolyte  capacitors  did  not  show  this 
dependence  The  reason  for  the  large  increase  may  be 
due  to  a  dependence  on  pore  radius.  The  organic 
electrolyte  may  not  be  able  to  enter  a  small  pore.  A 
stronger  dependence  on  pore  radius  would  be  expected, 
because  larger  molecular  weight  salts  are  used  to 
compensate  for  the  poorer  solvation  power  of  the  organic 
solvents.  Large  electrolytic  salts  cannot  enter  small  pores 
It  can  be  concluded  from  these  tests  that  the  highest 
surface  area  carbons  should  be  used  with  the  organic 
electrolyte  design. 

Conclusions 


to  be  stacked  in  series  to  match  the  voltage  of  one  organic 
cell.  Therefore,  the  equivalent  series  resistance  should  be 
multiplied  by  three  when  comparing  it  to  the  organic 
devices.  The  results  of  these  tests  show  that  the  organic 
electrolyte  design  is  able  to  meet  the  DOE  electric  vehicle 
goals;  whereas,  it  does  not  appear  likely  that  the  aqueous 
electrolyte  will  be  able  to  meet  these  goals  The  results  of 
the  investigation  show  clearly  that  the  organic  electrolyte 
design  provides  superior  performance  over  the  aqueous 
electrolyte  design. 
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The  ultimate  goal  of  this  research  project  is  to  meet 
the  design  requirements  of  the  DOE’s  electric  vehicle 
program.  From  the  data  gathered  for  this  paper,  a 
comparison  between  the  two  studied  electrolytic  solutions 
can  be  made.  Figure  5  is  a  Rygone  plot  of  the  two 
carididate  designs  for  electric  vehicle  applications  It 
should  be  noted  that,  while  the  aqueous  electrolyte  data 
for  this  plot  were  taken  from  capacitors  using  the  nickel 
composite  electrodes,  the  organic  electrolyte  capacitors 
were  not.  The  optimal  high  surface  area  carbon  fibers 
were  still  used;  however,  instead  of  a  nrokel  sinter-fused 
electrode  structure,  these  capacitors  employed  an 
aluminum/carbon  composite  structure.  For  the  organic 
electrolyte  design,  this  approach  has  proven  to  be 
superior.  The  aluminum  structure  is  used  because  it  can 
be  charged  to  a  higher  voltage  than  nickel  electrodes.  In 
the  figure  it  is  shown  that  the  organic  electrolyte  design  is 
superior  to  the  aqueous  both  in  terms  of  energy  and  power 
density.  The  higher  energy  density  is  expected  for  the 
organic  devices  because  of  the  high  operating  voltage 
(one  volt  for  the  aqueous  versus  three  volts  for  the 
organic).  The  higher  power  density  for  the  organic  is  more 
surprising  because  the  organic  electrolytic  solution  has  a 
low  ionic  conductivity.  However,  three  aqueous  cells  need 


7.  Smith.  J.  M..  Chemical  Engineering  Kinetics,  third 
edition,  McGraw-Hill,  p.334,  1981 


Lead  Wire 
Cell  Holder 
Current  Collector 
intered  Electrode 


—  Separator 

Sintered  Electrode 
Current  Collector 
Lead  Vl/ire 


Figure  1.  Basic  design  of  capacitors  used  to  test  carbon 
fibers. 
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2.  Fiber  densKy  decreases  with  increasing 
gravimetric  surface  area.  This  makes 
volumetric  surface  area  remain  constant. 
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Figure  3.  Aqueous  Electrolyte  Test  Results  -  The  step 
tests  show  total  fiber  capacitance  per  dry  mass 
of  carbon  on  an  electrode  basis.  The  tests  at  50 
mA/cm*  show  the  fraction  of  capadtance 
available  for  rapid  discharge. 
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Figure  4.  Organic  Electrolyte  Test  Results  -The  step 
tests  show  total  fiber  capacitance  per  dry  mass 
of  carbon  on  an  electrode  basis.  The  tests  at 
50  mA/cm^  show  the  fraction  of  capacitance 
available  for  rapid  discharge. 


Power  (W/kg) 


Figure  5.  Rygone  plot  showing  performance  of  Maxwell's 
double  layer  capacitors  in  comparison  to 
competing  technologies.  Maxwell's  energy 
densities  are  based  on  unpackaged  device 
weight  (includes  two  composite  electrodes,  one 
current  collector,  separator,  and  electrolyte). 
Packaged  devices  are  expected  to  weigh 
15-25%  more  than  unpackaged  devices. 
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Introduction 

This  paper  provides  a  brief 
overview  of  the  status  of 
electrochemical  capacitors  with  an 
emphasis  on  applications  and  market 
potential.  A  major  purpose  of  this 
presentation  is  to  encourage  further 
work  in  the  field  by  demonstrating  the 
sizable  opportunity  available.  The 
information  presented  here  is  based 
primarily  on  the  recently  published 
international  Technology  and  Market 

Study. 

ILhft-EJfictrQchgmigal  CapaQitor 

The  term  Electrochemical 
Capacitor  in  this  discussion 
encompasses  ail  devices  usually 
referred  to  as  a  double  layer  capacitor, 
supercapacitor,  ultracapacitor,  or 
pseudocapadtor.  An  electrochemical 
capacitor  stores  energy  through 
charging  at  a  solid  electrode  liquid 
interface  [double  layer  capacitance 
(DL)]  and  Faradaic  reactions  occurring 
at  or  near  a  solid  surface 
[pseudocapacitance  (PSC)].  Both  types 
of  behavior  can  occur  in  a  device  and 
the  capacitive  effects  are  additive.  The 
DL  occurs  most  prominently  in  carbon 
electrode  based  systems,  while  PSC 
dominates  in  redox,  intercalation,  and 
similar  reactions. 

The  electrochemical  capacitor  is  a 
relatively  new  device.  Based  on 
electrochemical  principles  discovered 

by  Helmholtz2  in  1879,  it  was  first 
patented  by  Becker  of  the  General 


Electric  Company^  in  1957  and  offered 
for  sale  commercially  by  SOHIO  in  the 
late  1960's.  The  SOHIO  patents  were 
ultimately  licensed  to  NEC  in  Japan. 
Electrochemical  capacitors  have  been 
marketed  since  the  late  1970's  by 
Japanese  companies;  NEC, 

Matsushita  (Panasonic),  ELNA/Asahi, 
and  Murata.  There  has  been 
comparatively  little  effort  in  the  United 
States,  and  that  mostly  R&D  directed  at 
special  military  and  electric  vehicle  (EV) 
applications. 

it  has  been  only  in  the  last  five  years 
that  exciting  new  research  directions 
and  market  opportunities  have  led  to 
rediscoveiy  of  the  electrochemical 
capacitor  internationally  as  a  potentially 
valuable  energy  source  for  a  variety  of 
important,  high  discharge  rate  uses. 

The  electrochemical  capacitor  is 
attractive  because  it  can  store  several 
hundred  times  as  much  energy  on  a 
weight  and  volume  basis  as  a 
conventional  electrolytic  capacitor, 
while  retaining  its  ability  to  deliver  that 
energy  at  high  discharge  rates.  The 
performance  of  the  device  can  exceed 
that  of  a  battery  in  those  applications 
requiring  high  power  density  and 
discharge  rates  in  the  minutes  to  less 
than  seconds  range.  The 

electrochemical  c^acitor  can  also  be 
used  in  combination  with  a  battery  to 
reduce  peak  power  demands  and 
thereby  extend  battery  life,  it  is  the 
latter  use  that  has  attracted  much  recent 
attention. 
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Advantages  and  Limitations 


Markets 


Some  of  the  most  important 
advantages  of  the  device  are: 

•  Cycle  life  in  excess  of  100,000  cycles 

•  High  power  density 

■  Discharge  rates  in  the  range  of 
minutes  to  milliseconds 

•  Safety  -  tolerates  high  rate 
charge/discharge  and  overcharge 

•  Wide  operating  temperature  range 

Important  limitations  are: 

•  Low  energy  density  relative  to  a 
battery 

•  Maximum  cell  voltages  of  5  V  with 
non-aqueous  electrolytes 

•  Reliability  of  series  stacked  high 
voltage  capacitors 

•  High  cost  of  some  potentially  useful 
materials 

Key  Issues 

There  are  several  key  issues 
which  will  determine  the  future  of  the 
electrochemical  capacitor  as  a 
significant  energy  storage  device. 

Technology 

The  goal  of  present 
electrochemical  capacitor  research  is  to 
obtain  cost  effective  devices  with  useful 
high  energy  and  power  densities.  The 
original  technology,  which  employed 
carbon  electrodes  in  aqueous 
solutions,  has  been  broadened  to 
encompass  other  interesting  materials 
such  as  higher  surface  area  carbons, 
mixed  metal  oxides  and  doped 
conducting  polymer  electrodes.  These 
materials  in  combination  with  non 
aqueous  electrolytes  provide  the 
possibility  of  higher  energy  storage 
devices. 

Energy  and  power  densities  of  5 
wh/kg  and  500  w/kg  respectively  are 
said  to  have  been  achieved  in  the 
laboratory  and  even  greater  values  are 
projected  for  the  future. 


The  present  electrochemical 
capacitor  products  are  made  almost 
exclusively  in  Japan  on  high  volume 
production  equipment.  They  are  used 
primarily  for  memory  backup  power  in 
consumer  electronic  equipment.  The 
United  States  electrochemical  capacitor 
market  represents  a  small  fraction  of  the 
total  world  use,  but  it  is  growing  at  a 
substantial  rate. 

A  serious  impediment  to  US 
market  development  is  the  general 
unfamiliarity  of  design  engineers  and 
component  manufacturers  with  the 
nature  and  performance  of  the  device. 
Successful  use  of  the  electrochemical 
capacitor  in  commercial,  military,  or 
other  applications  requires  an  intimate 
knowledge  of  both  the  properties  and 
performance  capability.  Further  rapid 
market  growth  is  anticipated  as  the 
engineers  become  more  familiar  with 
the  device. 

The  development  of  higher  power, 
greater  energy  density,  more  rapid 
discharge  rate  electrochemical 
capacitors  has  opened  a  wide  range  of 
possible  markets.  The  following  are 
among  the  new  and  expanded  potential 
applications  for  the  electrochemical 
capacitor: 

•  Hybrid  and  electric  vehicles 

•  Auto  subsystems 

•  Medical 

•  Actuators 

•  Power  backup 

•  Military 

The  hybrid  and  electric  vehicle 
application,  in  which  the 
electrochemical  capacitor  is  used  to 
load  level  the  battery,  will  be  substantial 
if  present  plans  to  institute  reduced 
vehicle  emission  requirements  are 
enforced  in  California  and  elsewhere.  It 
is  this  application  which  has  principally 
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spurred  the  recent  interest  in  the 
electrochemical  capacitor. 

The  EV  and  hybrid  EV 
applications  have  tended  to  mask  the 
possibilities  of  the  other  market  areas 
shown  above.  These  additional 
markets  can  conceivably  match  or  even 
exceed  the  demand  for  EV  use.  It  has 
been  estimated  that  an  addressable 
market  volume  of  approximately  $1.35 
billion  is  possible  by  the  year  2000. 

Satisfying  the  performance 
demands  of  these  markets  will  not  be 
easy.  The  requirements  are  difficult. 
There  are  competitive  devices.  The 
cost  will  have  to  be  economically 
feasible. 

The  outlook  is  optimistic,  but  it  will 
take  the  combination  of  Improved 
technology,  reasonable  cost  and 
intensive  marketing  to  fullfill  these 
expectations. 

Competitive  Environment 

It  is  too  early  to  tell  which 
companies  will  dominate  the  future 
electrochemical  capacitor  markets.  The 
competitors  will  require  the  technical, 
marketing  and  financial  resources  to 
pursue  these  important,  new 
applications.  European  and  US  efforts 
are  focused  on  the  EV  application.  The 
US  programs  are  being  supported 
primarily  by  the  Department  of  Energy 
as  part  of  their  EV  development 
program.  There  are  other  confidential 
activities  in  progress  at  several 
important  companies  which  could 
significantly  impact  the  competitive 
picture. 


The  Japanese  have  a  broader 
view,  recognizing  the  potential  for  small 
reliable  high  power  sources  in  a 
growing  world  of  portable  products,  as 
well  as  the  EV  market.  The  Japanese 
also  have  the  advantage  of  a  long¬ 
standing  history  in  the  field  and  the 
commitment  of  major  industrial  groups. 

More  than  1150  relevant  patents 
have  been  issued  in  the 
electrochemical  capacitor  field  since 
1942.  Of  all  issued  patents,  78.8%  are 
from  Japan,  compared  to  a  much 
smaller  fraction  from  the  United  States. 
Recent  novel  technical  approaches  by 
US  and  European  groups  provide 
indications  of  a  strong  competitive 
market  environment  in  the  future. 

Conclusion 

The  technology  and  market 
outlooks  for  the  electrochemical 
capacitor  are  optimistic. 

Electrochemical  capacitor  research  is 
still  in  its  infancy.  Broader  US  industry 
and  government  support  is  necessary 
to  accelerate  research  and 
development  of  these  devices.  The 
competition  will  likely  increase  as  the 
reality  of  the  opportunity  is  more  widely 
recognized.  The  device  stands  an 
excellent  chance  of  becoming  a  key 
energy  storage  device  of  the  future. 
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Abstract 

The  Canadian  armed  forces  use  large 
quantities  of  alkaline  cells,  often  in  cold 
field  conditions.  In  recent  years  the 
manufacturers  of  alkaline  cells  have  been 
gradually  lowering  the  mercury  content  of 
these  cells,  primarily  because  of  the 
environmental  hazards  of  mercury.  The  present 
study  was  undertaken  because  of  the  concern 
that  the  removal  of  mercury  might  adversely 
affect  performance,  especially  in  the  cold, 
and  also  diminish  the  resistance  to  mechanical 
shock  and  vibration,  and  shelf  life.  This 
investigation  of  some  of  the  performance 
characteristics  of  alkaline  cells  was 
conducted  in  comparison  with  older  cells  which 
contained  higher  levels  of  mercury.  It  was 
found  that  the  room  temperature  performance  of 
alkaline  cells  was  excellent.  However, 
between  5*C  and  -20*C,  low-mercury  cells 
manufactured  since  1992  had  performance  that 
was  inferior  to  the  older  cells. 

Introduction 

The  zinc/potassium  hydroxide/manganese 
dioxide  cell,  commonly  referred  to  as  the 
alkaline  cell,  became  a  widely  available 
consumer  product  during  the  1970's.  It  is 
estimated  that  worldwide  annual  use  is  more 
than  five  billion  cells. Historically, 
mercury  has  been  an  important  additive  in  the 
manufacture  of  these  cells,  being  amalgamated 
at  up  to  8%  by  weight  with  the  zinc  anode. 
The  use  of  mercury  resulted  in  less  zinc 
corrosion  and  extended  shelf  life  compared  to 
the  zinc/carbon  Leclanche  cell.**-*’  There  was 
also  enhanced  interparticulate  contact  in  the 
zinc  powder,  producing  better  electrode 
conductivity*^'”  and  improved  resistance  to 
mechanical  shock  and  vibration. 

In  recent  years,  primarily  in  response  to 
environmental  pressure,  manufacturers  have 
been  reducing  the  amount  of  mercury  contained 
in  alkaline  cells,**'”  some  of  which  are  now 
advertised  as  being  "environmentally-friendly" 
and  containing  less  than  0.001%  Hg.  Consumers 
have  been  assured  that  the  mercury  removal 
program  has  not  caused  any  loss  in  cell 
performance.  Notwithstanding  these  claims,  it 
was  decided  to  conduct  an  objective  assessment 
of  the  effects  of  moving  to  low-mercury 
alkaline  cells. 

Experimental  Program 

In  February  1993  it  was  learned  that  a 
large  military  stock  of  AA-size  and  C-size 
cells  had  been  declared  "time-expired"  and  was 
slated  for  disposal.  The  military  supply 
system  considers  alkaline  cells  to  be  "time- 
expired"  when  they  have  been  stored  for  30 
months  from  their  date  of  manufacture  (DOM) . 


The  only  D-size  cells  in  stock  were 
manufactured  in  1992.  For  comparative 
purposes,  a  quantity  of  commercially 
available,  "mercury-free"  D  cells  was 
purchased  locally:  DOM  -  June  1992. 

In  all,  six  groups  of  cells  were 
available  for  the  study: 

1.  AA  size  -  DOM  01/92  -  military  stock 

2.  AA  "  -  DOM  03/89  -  military  stock 

3.  c  size  -  DOM  01/92  -  military  stock 

4.  C  "  -  DOM  05/89  -  military  stock 

5.  D  size  -  DOM  02/92  -  military  stock 

6.  D  "  -  DOM  06/92  -  commercial 

It  was  verified  that  all  cells  in  the  test 
program  were  produced  by  the  same 
manufacturer.  The  following  measurements  were 
made  on  the  cells  in  each  group:  open  circuit 
voltage,  resistance  (ac  value  at  1  kHz)  and 
mass. 

Undischarged  cells  from  each  group  were 
dissected  and  samples  of  the  zinc  anode  were 
removed,  weighed  and  dissolved  in  concentrated 
HCl/HNOj.  The  concentration  of  mercury  in  each 
of  these  solutions  was  then  determined  using 
inductively-coupled  argon  plasma  atomic 
absorption  spectrophotometry.  The  dry  mass  of 
the  anode  sample  was  used  to  calculate  the 
mercury  content  as  a  percent  by  weight. 

In  a  typical  alkaline  cell  application, 
such  as  operating  a  flashlight,  the  rate  of 
discharge  is  approximately  250  milliamperes, 
corresponding  to  a  load  of  about  5  ohms.  Thus 
the  majority  of  cells  from  each  group  was 
resistively  discharged  at  this  load.  Some 
additional  experiments  were  conducted  using  1(1 
and  10(1  loads.  Cell  capacity  was  determined 
to  the  industry  standard  end  of  test  voltage: 
0.8  volts,  although  in  many  cases  discharging 
was  continued  to  below  0.1  volts. 

For  each  experiment,  cells  were 

equilibrated  prior  to  discharging  for  a 
minimum  of  four  hours  in  an  environmental  test 
chamber  at  the  desired  temperature,  between 
-40 ’C  and  60 'C.  A  12  H  resistor  was  then 
connected  across  each  cell.  The  voltage  drop 
across  the  load  was  measured  every  two  minutes 
throughout  the  discharge  period  using  a  PC- 
controlled  data  acquisition  unit.  The 
capacity  was  determined  by  integrating  the 
computed  current  over  the  elapsed  time  using 
Simpson's  rule. 

Results  and  Discussion 

There  were  only  minor  differences  between 
the  open  circuit  voltages  of  cells  of  each 
size  group  and  no  significant  differences  in 
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weights.  The  two  groups  of  D-slze  cells  had 
very  similar  impedance  values.  However,  the 
impedance  of  the  AA-  and  C-sized  cells  that 
were  manufactured  in  1989  was  significantly 
lower  than  those  manufactured  in  1992.  The 
mercury  content  of  the  anode  in  the  1989  cells 
was  found  to  be  about  0.8%  and  that  of  the 
1992  cells  was  approximately  an  order  of 
magnitude  lower.  During  a  subsequent 
conversation  with  the  manufacturer,  it  was 
learned  that  all  alkaline  cells  made  by  this 
company  since  1990  were  "ultra-low  mercury", 
(i.e.  less  than  0.025%  mercury).'®*  Our 
analyses  indicated  that  the  mercury  content 
stated  by  manufacturers  must  be  relative  to 
the  total  cell  mass  rather  than  the  mass  of 
the  zinc  anode.  These  results  are  summarized 
in  Table  I. 

TABLE  I 


MERCURY  CONTENT  OF  ANODES  AND 
MEAN  IMPEDANCE  MEASUREMENTS 


Group 

Cell 

Size 

DOM  Mercury 
Content 
(%w/w  anode) 

Mean 

Impedance 

(mohms) 

1 

AA 

01/92 

0.10 

165  ±  7.4* 

2 

AA 

03/89 

0.74 

89  ±  5.1 

3 

C 

01/92 

0.07 

131  +  11.9 

4 

C 

05/89 

0.82 

79  +  6.5 

5 

D 

02/92 

0.08 

96  +  15.1 

6 

D 

06/92 

0.07 

98  ±  19.0 

*  standard  deviation 


Since  one  of  the  effects  of  amalgamating 
mercury  with  the  zinc  anode  is  to  increase  the 
conductivity  of  the  electrode,  the  impedance 
data  confirmed  that  1992  cells  contained  less 
mercury  than  the  1989  cells.  The  impedance 
data  also  suggested  that  the  mercury  content 
of  the  military  D  cells  was  similar  to  that  of 
commercial  "low-mercury"  cells. 

Typical  results  for  the  discharge  of 
alkaline  C  cells  at  25”C  are  given  in 
Figure  1.  In  this  experiment,  two  1989  cells 
and  three  1992  cells  were  discharged 
simultaneously.  During  the  first  several 
minutes  after  the  load  was  applied,  voltages 
dropped  quickly  from  about  1.5  volts  to  1.3 
volts.  After  this  initial  period,  the  voltage 
curve  sloped  gradually,  taking  between  25  and 
3  0  hours  to  fall  to  0.8  volts.  It  then 
quickly  decreased  to  a  minimum  value  of  about 
0.1  volts.  At  temperatures  above  lO'C,  the 
newer  cells  outperformed  the  older  cells  by 
about  two  to  fours  hours.  This  was  expected 
on  the  basis  of  the  reported  3%  to  4%  annual 
loss  of  capacity  for  storage  of  alkaline  cells 
at  20  It  was  also  noted  that  the 

voltage  of  the  1989  cells  was  marginally 
higher  than  the  1992  cells  during  the  first  15 
hours  of  the  experiment.  Similar  comments 
pertain  to  the  groups  of  AA-size  cells. 

The  typical  discharge  curves  obtained  for 
a  similar  experiment  which  was  conducted  at 
0”C  are  shown  in  Figure  2.  In  this  experiment 
the  output  of  the  1989  cells  remained  above 
0.8  volts  for  about  twice  as  long  as  for  the 
1992  cells  (19.5  h  vs  9.2  h)  and  on  average 
their  capacity  was  twice  as  great  (3.8  Ah  vs 


1.9  Ah).  These  results  were  unexpected,  thus 
prompting  a  more  detailed  evaluation  of  low 
temperature  performance. 

Numerous  discharge  experiments  at  ID,  50 
and  ion  were  conducted  to  compare  the 
performance  of  the  two  groups  of  C  cells  over 
a  range  of  temperatures  between  -40’C  and 
eo*C.  The  capacity  results  for  these 
experiments  are  given  in  Table  II  (50  only) 
and  in  Figure  3  in  slightly  different 
representations.  The  data  were  averaged  over 
at  least  five  replicate  cell  discharge 
experiments  at  each  temperature.  Above  5*C, 
the  capacity,  as  represented  by  the  time  to 
reach  0.8  volts,  of  the  1992  cells  was  about 
10%  more  than  that  of  the  1989  cells,  but 
between  5*c  and  -20 “C  the  capacity  of  the  1989 
cells  was  significantly  greater  (in  some  cases 
more  than  100%)  than  that  of  the  1992  cells 
(e.g.  see  Table  II) .  Table  II  also  indicates 
that  there  was  a  substantial  increase  in 
standard  deviations  for  the  data  between  5*C 
and  -5*C  and  at  45 "C,  most  notably  for  the 
1992  cells. 

TABLE  II 

MEAN  CAPACITY  OF  C  CELLS 
DISCHARGED  THROUGH  5  OHM  LOAD 


Temperature  Time  to  0.8  v  (hours) 

(*C)  _ 

1989  1992 


60 

32.0 

+ 

0.5* 

35.1 

± 

0.3* 

45 

28.7 

+ 

1.1 

32.6 

± 

1.1 

30 

28.5 

+ 

0.3 

30.5 

± 

0.2 

20 

25.6 

+ 

0.3 

28.5 

± 

0.1 

10 

23.6 

+ 

0.3 

25.9 

i 

0.5 

5 

22.2 

+ 

0.2 

23.9 

+ 

0.8 

0 

19.7 

± 

0.4 

12.6 

+ 

4.4 

-  5 

16.0 

+ 

0.9 

7.1 

+ 

1.6 

-10 

11.2 

+ 

0.1 

5.5 

+ 

0.1 

-15 

7.8 

+ 

0.1 

4.5 

+ 

0.1 

-20 

5.2 

+ 

0.1 

4.2 

+ 

0.1 

-30 

2.3 

+ 

0.0 

2.4 

± 

0.1 

-40 

1.0 

+ 

0.0 

0.4 

± 

0.0 

*  Standard  deviation 

The  difference  in  the  capacity  for  higher 
versus  lower  mercury-content  cells  was  plotted 
in  Figure  3  against  the  test  temperature  for 
C-size  cells  that  were  discharged  at  in,  5n 
and  ion.  It  shows  that  the  cells  with 
higher  mercury  content  performed  better 
overall,  but  there  was  a  rate  dependence  for 
the  magnitude  of  the  difference  which  varied 
with  the  temperature.  At  the  in  rate  the 
older,  higher  mercury-content  cells  were 
better  at  all  temperatures,  but  excelled  in 
the  10*C-30*C  range. 

A  comparison  of  the  performance  of  AA 
cells  manufactured  in  1989  and  in  1992 
indicated  a  similar,  but  less  pronounced 
discrepancy  at  temperatures  between  O'C  and 
-30*C. 

For  the  D-size  cells  discharged  on  a  5 
ohm  load,  the  only  significant  difference 
between  the  capacity  of  the  two  groups  of 
cells  occurred  at  -5”C.  This  anomaly  is 
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illustrated  in  Figure  4  which  shows  the  very 
dissimilar  discharge  curves  for  commercial  and 
military  cells.  At  this  temperature,  the 
difference  in  time  to  reach  0.8  volts  was 
almost  60%  while  at  all  other  temperatures 
this  difference  was  always  less  than  7%.  The 
discrepancy  at  -5’C  was  verified  as 
significant  by  repeating  the  experiment  on  10 
additional  cells  from  each  group.  There  was 
only  a  small  difference  in  the  mercury  content 
of  the  anodes  for  these  two  groups  of  cells 
(see  Table  I)  and  the  impedance  values  were 
also  indistinguishable.  This  suggests  that 
only  a  small  change  in  the  mercury  content  of 
the  zinc  electrode  can  have  a  profound  effect 
on  performance  at  certain  temperatures.  Why 
this  should  occur  at  temperatures  near  to  or 
just  below  0*C  is  unknown  and  may  warrant 
further  study.  Except  for  -5"C,  there  would 
appear  to  be  no  significance  performance 
differences  between  cells  produced  for  the 
military  and  those  for  the  consumer  market. 

At  temperatures  below  approximately  0‘C 
there  were  notable  irregularities  in  the 
discharge  curves  for  all  of  the  low-mercury 
alkaline  cells.  Figure  4  shows  this  behaviour 
for  D  cells  from  both  groups  as  indicated,  and 
Figure  5  for  C-size  cells  discharged  in  this 
case  at  0*C.  What  was  typical  of  the  low 
mercury  cells  of  all  sizes,  as  shown  by  the 
examples  in  Figures  4  and  5,  was  the 
instability  of  the  voltage  below  approximately 
0.8  volts  and  the  tendency  for  the  cell 
voltage  to  increase  .-ifter  several  hours  of 
discharging  below  0.4  volts.  The  voltage 
fluctuations  may  be  caused  by  a  loss  of 
electrical  continuity  in  the  anode.  None  of 
the  1989-dated  cells  exhibited  these  features. 

The  effects  of  low-mercury  on  the  shelf 
life  and  resistance  to  mechanical  shock  and 
vibration  are  currently  being  studied  and  will 
be  the  subject  of  a  future  publication. 

Conclusions 

At  temperatures  above  5*C  the  performance 
of  each  of  the  three  sizes  of  alkaline  cells 
used  by  the  Canadian  military  was  found  to  be 
excellent,  often  exceeding  the  manufacturer's 
performance  claims.  However,  between  5'C  and 
-20"C,  AA-size  and  C-size  cells  that  were 
procured  since  1992  had  performance  character¬ 
istics  which  were  inferior  to  those  of  older 
cells.  The  older  cells  contained  more  mercury 
in  the  zinc  anode  and  despite  the  marginal 
loss  of  capacity  over  three  years  of  storage, 
still  produced  more  energy  at  lower  temper¬ 
atures  than  the  newer,  low  mercury  cells.  The 
lower  mercury  content  of  1992  cells  compared 
to  1989  cells  was  confirmed  by  chemical 
analysis  of  the  anode.  Lower  mercury  cells 
also  had  higher  impedance  values. 

The  performance  of  the  military  stock  of 
D  cells  and  commercial  0  cells  with  comparable 
DOM  was  only  different  at  -5*c.  The  slight 
differences  in  composition  of  the  zinc/mercury 
anode  may  have  been  responsible. 
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Figure  1.  C  Cells:  Discharge  Curves  9  20*C 
5  ohm  Load. 


Figure  2«  C  Cells:  Discharge  Curves  §  0*c 
5  ohm  Load. 
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rigura  3.  Mean  Difference  in  Capacity:  High 
Mercury  -  Low  Mercury  C  Cells 
versus  Load  and  Temperature. 


Figure  4.  D  Cells:  Discharge  Curves  §  -5‘C, 
5  ohm  Load  (Discharging  continued 
beyond  0.8  volts). 
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Figure  5.  c  Cells;  Discharge  Curves  6  O'C, 

5  ohm  Load  (Discharging  continued 
beyond  0.8  volts). 
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Alwtrirt 

The  paper  describes  a  power  source  recently  adapted  by  the 
Norwegian  lighthouse  authorities  for  application  in  light  buoys.  The 
power  source  is  based  on  an  electrochemical  cell  which  uses 
magnesium  as  fuel,  seawater  as  electrolyte  and  oxygen  dissolved  in 
the  seawater  as  oxidant.  Under  load,  the  magnesium  anode 
dissolves,  but  as  sea  water  contains  typically  1.2  kg  of  magnesium 
per  ton,  the  cell  reaction  does  not  affect  the  environment.  The 
cathode  is  a  copper  structure  with  a  high  surface  area.  The  cathode 
surface  is  protected  against  biofouling  by  cuprous  ions,  generated 
from  copper  corrosion. 

The  complete  power  supply  consists  of  a  single  seawater 
cell,  a  DC/DC  converter  and  an  accumulator.  The  cell  power  is 
limited  by  the  rate  of  water  exchange  in  the  cathode.  Typical 
performance  is  2  W  average  from  a  cell  1  m  high  with  a  diameter  of 
50  cm.  Cell  deterioration  is  caused  biofouling  and  deposition  of 
calcareous  layers  on  the  copper  cathode,  copper  corrosion  and  fay 
anode  depletion.  After  clea^g,  the  cath^  surface  is  as  new. 
Anode  capacity  is  sufficient  for  5  years,  thus  the  requited 
maintenance  on  the  cell  can  be  done  in  conjunction  with  the  periodic 
maintenatKe  of  the  light  buoy.  After  5  years,  the  cell  is  exchanged 
or  recharged  with  a  tKw  magnesium  anode  depending  on  the 
condition  of  the  cell. 

Off  shore  navigational  light  buoys  with  different  sea  water 
cell  design  have  been  used  by  the  Norwegian  Coast  Directorate 
since  1989.  The  results  show  that  the  system  is  safe,  reliable,  easy 
to  maintain  and  with  a  potential  for  very  low  cost. 

iBtrailwttoB 

Primary  cells  based  on  metal  anodes  (e.g.  alloys  of 
magnesiu;i.  or  aluminium)  whkh  use  seawater  as  the  electrolyte  and 
oxygen  dissolved  in  the  seawater  as  the  oxidant  with  inert  cathodes 
have  been  known  for  some  time  gyeh  oeijj  a 

continuous  renewal  of  the  seawater  to  supply  the  cathode  with 
ftesh  seawater  and  to  remove  the  products  of  the  cell  reaction(s). 
Because  of  this  they  must  have  an  open  structure,  causing  leakage 
currents  between  serially  comiected  cells  to  be  high.  This  is  why 
power  sources  for  low  rate  discharge  are  based  on  a  single  cell  or 
cells  connected  in  parallel.  A  DC/DC-converter  converts  the  low 
cell  voltage  (0.4  to  2  V  depending  on  the  particular  cell  system)  into 
a  regulated  voltage  (e.g.  14  V).  A  secondary  battery  may  be 
charged  ftom  the  DCVDC-converter.  Compared  to  conventional 
power  sources,  such  seawater  cells  gives  a  very  high  theoretical 
eaer^  density,  as  only  the  anode  material  is  consumable.  They  have 
a  potential  for  moderate  cost,  excellem  safety  and  infinite  storage 
al^ty  when  dry.  Until  recently  however,  low  power  density  and 


cathode  deterioration  caused  by  fouling  by  marine  organisms  and 
ftmnation  of  calcareous  layers  on  the  cathode  surface  have 
precluded  the  realisation  of  a  commercially  viable  power  source 
based  on  this  concept.  The  cathode  reaction 

02  +  2  H2O  +  4  e-  =  4  OH- 

leads  to  an  alkalisation  of  the  cathode  surface.  This  pH  increase  may 
lead  to  precipitation  of  calcium  carbonate  on  the  catlKxie  surface^: 

Ca++  +  HCO3-  +  OH-  =  CaC03  +  H2O 

The  development  of  methods  to  reduce  this  problem  were 
necessary  steps  toward  the  development  of  a  commercial  seawater 
battery. 

In  1989  the  Norwegian  Coast  Directorate  established  a 
Project  group  to  adapt  the  seawater  battery  technology  to  light 
buoys  and  at  the  XUth  International  Association  of  Lighthouse 
Authorities  Conference,  we  described  a  prototype  installation  of  a 
light  buoy  powered  by  a  seawater  cell  These  cells  are  based  on  a 
centrally  itxrunted  anode  with  a  concentric  cathode  made  from 
copper.  Later,  improved  cells  developed  at  NDRE  have  been  used 
as  power  sources  for  underwater  surveillance  systems,  surface 
buoys  and  for  the  propulsion  of  a  small  unmanned  underwater 
vehicle  (UUV),  6.  The  power  source  for  the  UUV  is  dependent  on  a 
forced  flow  of  seawater  for  the  transport  processes  in  the  cell 
whereas  the  low  rate  cells  depend  on  natural  convection  (sea 
current,  waves)^. 

Anodes 

Magnesium  anodes  have  lower  cost  and  give  higher  cell 
voltage  than  aluminium  anodes.  Corrosion  reduces  the  specific 
capacity  from  the  theoretical  value  of  2000  Ah/kg  to  roughly 
1200  Ah/kg  depending  of  alloy  and  anodic  current  density.  Typical 
potential  under  load  for  the  magnesium  aluminium  zinc  alloy  AZ63 
is  -1.49  VgcE.  The  anode  shows  very  little  polarisation  over  the 
current  density  range  of  interest,  but  voltage  delay  is  observed. 

In  light  buoys,  cylirxlrical  AZ63  anodes  with  a  diameter  of 
190  mm  and  a  length  of  1000  mm  have  been  used.  Initial  anode 
weight  is  50  kg.  Assuming  discharge  to  50%  reduction  in  anode 
diameter,  the  corresponding  capacity  is  50000  Ah. 


The  DC/DC-converter 

Most  converters  use  MOS-FET  transistors.  Their 
exceptionally  low  on-resistance  makes  it  possible  to  achieve  a  high 
efficiency,  typically  above  75%,  but  they  need  a  gate  voltage  higher 
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than  the  cell  voltage  to  be  turned  on.  Thus  they  need  an  auxiliaty 
power  source  for  start-up.  This  may  be  a  secondly  battery  or 
another  converter.  Systems  with  auxiliaiy  converters  have  excellent 
storage  ability  in  contrast  to  systems  based  on  auxiliary  power  fiom 
accumulators. 

Galvanic  separation  between  input  and  output  is  preferred  as 
a  short  between  the  steel  structure  of  the  light  buoy  and  the  cell 
cormections  will  lead  to  a  malfunction  of  the  power  source  attd  in 
the  case  of  a  short  to  the  positive  terminal,  to  corrosion  of  the  light 
buoy.  The  300  W  converter  for  the  UUV  has  galvanic  separation 
between  input  and  output  and  a  2  W  converter  for  light  buoys  with 
galvanic  separation  is  under  development.  All  experiments  with  light 
buoys  have  been  undertaken  with  converters  without  galvanic 
separation. 

The  safe  load  on  a  seawater  cell  with  respect  to  calcareous 
film  formations  depend  on  the  temperature  and  the  rate  of  exchange 
of  the  water  at  the  cathode  surface.  This  rate  of  exchange  varies 
with  the  design  of  the  cell,  the  sea  current  and  the  wave  action  on 
the  buoy.  Generally  speaking:  the  worse  the  weather,  the  better  the 
cell.  At  the  same  time,  the  converter  must  sense  the  status  of  the 
accumulator  to  avoid  overcharging  and  waste  of  energy.  In 
converters  for  light  buoys,  these  functions  are  built  in.  The  size  of 
the  secondary  battery  should  at  least  be  sufficient  to  take  care  of  the 
longest  possible  continuous  calm  period  and  the  converter  should 
have  sufficient  excess  power  for  the  recharge  of  the  accumulator 
under  normal  conditions.  This  is  similar  to  the  considerations  that 
must  be  taken  with  solar  power  sources. 

Because  of  this  dependence  on  the  hydrodynamic 
conditions,  this  power  source  is  unsuitable  for  use  in  areas  with 
exceptionally  calm  conditions. 


CtlldCYClgPIllHlt 

Seawater  cells  with  inert  cathodes  ate  intended  for  deep  sea 
use  where  light  induced  growth  of  algae  is  absent  or  for  short  time 
discharge.  They  can  give  a  cell  voltage  of  1.6  V  under  load,  but 
close  to  the  surface,  as  in  light  buoys,  biofouling  may  reduce  the  life 
of  such  cells  to  a  few  weeks  in  the  growth  season.  This  made  it 
necessary  to  develop  cathodes  which  releases  a  substance  into  the 
seawater  that  is  toxic  to  marine  life.  The  cell  used  in  light  buoys  is 
based  on  cathodes  of  copper  or  copper  alloys  which  corrode  at  a 
controlled  rate,  thereby  releasing  copper  ions  into  the  seawater. 
Copper  is  toxic  to  marine  life  and  copper  compounds  ate  used  in  the 
bottom  paints  for  boats  ("Anti  fouling")  for  the  same  reason. 

The  first  ceU  with  copper  cathodes  operated  at  a  depth  of 
60  m  from  November  19,  1987  until  March  13,  1990  at  which  time 
80%  of  avail^le  anode  capacity  (60000  Ah)  was  used.  Except  for  a 
decrease  in  cell  voltage  from  1.1  to  0.9  V  caused  by  the  reduction 
in  anode  diameter  with  time  (increased  IR  loss)  and  some  areas  with 
a  calcareous  deposit,  the  reduction  in  performance  with  time  was 
small.  Biofouling  was  not  observed  at  the  cathode,  but  strength 
members  and  moorings  were  covered  with  nematodes,  tube  worms 
and  sea  anemones.  After  retrieval,  the  cell  was  cleaned  with  a  high 
pressure  power  cleaner,  but  this  was  unable  to  remove  calcareous 
deposits.  Copper  corrosion  was  less  than  0.05  mm  over  2.5  years. 
Copper  corrosion  under  open  circuit  is  estimated  to  roughly 
0.08  mm  per  year  Under  load,  the  copper  structure  has  some 
degree  of  cathodic  protection,  making  the  rate  of  corrosion  less. 


The  cell  was  equipped  with  a  new  anode  and  a  new  cable  and  re¬ 
deployed  on  Much  22,  1990.  At  the  time  of  redqrloyment,  the 
cathode  surface  was  green  firom  exposure  to  air  and  felt  very 
"coarse”.  This  had  obviously  decreased  the  cell  performance  as  the 
load  had  to  be  reduced  from  3  W  to  2  W.  Gradually  then,  the 
perfonnance  decreased  further. 

From  the  spring  of  1989,  seawater  batteries  with  plate 
cathodes  have  powered  two  light  buoys,  one  at  Rakke  and  otte  at 
Ytre  Hausene  at  the  southern  coast  of  Norway  Inspections  in 
the  autumn  1990  have  shown  that  biofouling  of  the  cathode  had  not 
occurred  after  two  growth  seasons  whereas  the  buoy  itself  was 
covered  by  biofouling.  Biofouling  (mainly  mussels)  on  the 
supporting  cell  structure  and  on  the  buoy  was  removed  with  a  high 
pressure  power  cleaner  and  tiK  buoy  redeployed.  The  experiment  at 
Rakke  was  terminated  because  the  converter  was  flooded  by 
seawater. 

Table  1  summarises  the  experience  with  seawater  cells  with 
copper  cathodes.  The  oldest  seawater  cells  used  on  Flakk  (in  the 
Trondheims  fjord),  Rakke  and  Ytre  Hausene  had  cathodes  made 
fiom  copper  plates  arranged  radially  around  the  central  anode^  . 
The  newer  cells  have  cathodes  made  fiom  a  sheet  of  expanded 
copper  coiled  in  a  spiral  and  subsequently  locked  in  shape  with  glass 
reinforced  polyurethane  resin  in  the  top  and  bottom^  as  shown 
schematkally  in  figure  1. 


Figure  I  Schematic  of  a  seawater  cell  with  the  anode  in 

centre  and  a  spirally  wound  ejqsanded  metal 
cathode. 

The  cells  Horten  1  and  2  (on  the  south  east  coast)  and 
Runde  (on  the  west  coast)  were  experimental  buoys  which  were  not 
used  for  navigation.  Their  main  purpose  was  to  establish  the 
maximum  safe  load  for  seawater  cells.  In  light  buoys,  the  cell  is 
open  in  the  bottom  and  closed  at  the  top.  In  this  way,  wave  action 
leads  to  an  active  pumping  of  the  seawater  through  the  expanded 
metal  cathode  ^0.  Figure  2  shows  a  tail  tube  buoy  with  a  seawater 
cell.  The  buoy  has  a  diameter  of  2.0  m  and  is  9.5  m  high.  The  tail 
tube  is  0.5  m  in  diameter,  and  the  seawater  cell  is  located  in  a  steel 
cage  in  the  lower  part  of  the  tube.  The  cell  voltage  under  load  was 
between  0.9  and  1.1  V  for  all  cells.  Typical  load  for  a  navigational 
Ught  was  1.5  W  in  the  dark.  In  addition  to  this  load,  between  0.1 
to  1.5  W  must  be  added,  depending  on  the  no  load  current  drain  of 
the  converter  and  the  state  of  charge  and  self-discharge  rate  of  the 
accumulator.  In  the  navigational  lights,  and  in  some  test  buoys, 
sealed  lead  acid  batteries  (Sonnenschein  A200/12V/9.5  Ah)  were 
used  together  with  a  LBEA-85  lantern. 
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Figure  2  Schematic  of  a  tail  tube  navigational  light  buoy  with 
the  seawater  cell  located  above  the  balance  weight. 


Table  1.  Summary  of  the  experiments  with  seawater  ceiJs; 


Seawater 

cell: 

start  of 
discharee 

Duration/ 

days 

Load: 

Terminated 
because  of 

Flakk 

19.Nov.87 

847 

2.5  -  3  W 

Anode  depletion 

Flafck,  continued 

22.Mar.90 

420 

2W 

Calcareous  film 

Rakke  L  B 

20.Jun.89 

960 

Nav  Light 

Seawater  leak 

Ytre  H  L  B 

05.Sep.89 

449 

Nav  Light 

Cleaned  at  Sea 

Ytre  H  L  B 

28.Nov,90 

666 

Nav  Light 

OK.  taken  to  Base 

Horten  1 

27.Sep.89 

342 

Nav  Light 

Anode  depletion* 

Horten2 

03.Nov.89 

503 

2.5  W 

Calcareous  film 

Runde 

06.Dec.90 

634 

Nav  Light 

Failure  of  lead  acid 

Runde,  cleaned 

15.Dec.92 

212 

Nav  Light 

Seawater  leak 

9.0ct.93 

fBESffll 

Nav  Light 

Fauskanc  L  B 

ll.Oct.93 

in  service 

Nav  Light 

*Hollow  anode 

Figure  3  shows  the  cell  voltage  and  the  accumulator  voltage 
after  the  buoy  was  deployed  at  Runde  on  April  22,  1991  after  an 
adjustment  of  the  converter.  The  accumulator  was  discharged  at  the 
start,  thus  the  converter  was  continuously  running  at  full  power 


over  the  first  five  days  until  the  accumulator  was  recharged.  The 
lantern  load  was  FI  2,  10s,  10  W  bulb,  14%  on.  The  hght 
extinguished  on  Nov  12,  1992.  This  was  caused  by  one  shorted  cell 
in  the  accumulator.  Because  of  the  cell  short,  the  converter  ran 
continuously  and  biofouling  started.  The  biofouling  and  the  build¬ 
up  of  a  calcareous  layer  subsequently  lead  to  cell  failure.  No 
cleaning  of  the  cell  was  done  between  its  fabrication  in  the  autumn 
of  1990  and  its  retrieval  in  November  1992.  Then,  the  defective 
buoy  was  cleaned  and  the  calcareous  layer  on  the  cathode  removed 
by  wet  sand  blasting  from  the  outside,  leaving  the  calcareous 
deposit  on  the  inside  intact.  Equipped  with  a  new  accumulator  and  a 
5  W  bulb,  the  buoy  was  functional  until  a  seawater  leak  destroyed 
the  electronics.  At  this  time,  no  sign  of  new  calcareous  deposit  was 
observed. 
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Figure  3  Power  source  at  Runde  from  April  22,  1991.  Upper 
curve:  seawater  cell  voltage,  lower  curve:  lead  acid 
battery. 


Discussion 

The  use  of  oxygen  dissolved  in  the  seawater  makes  it 
possible  to  make  batteries  with  very  high  energy  density.  Compared 
to  air,  the  rate  of  diffusion  and  the  concentration  of  oxygen  in 
seawater  is  low  and  makes  the  power  density  of  such  batteries  low 
compared  to  conventional  and  metal/air  batteries.  Whereas  the 
energy  content  of  the  cell  is  determined  by  the  cell  voltage  and 
amount  of  magnesium,  the  rate  by  which  this  energy  can  be 
extracted  from  the  cell  is  mainly  determined  by  the  rate  of  seawater 
exchange  in  the  cathode,  the  cathode  materials  and  structure. 

For  cells  with  copper  cathodes,  cell  life  is  restricted  by  the 
corrosion  of  copper  or  by  the  consumption  of  magnesium  if  the 
cathode  current  density  is  kept  sufficiently  low.  For  cells  with  a 
medium  current  density,  a  gradual  deterioration  takes  place  as  parts 
of  the  copper  surface  become  insulated  by  calcium  carbonate.  As 
the  free  surface  area  decreases,  the  local  current  density  increases 
further,  thereby  increasing  the  rate  of  calcium  carbonate  deposition 
and  decreasing  the  rate  of  copper  corrosion  to  a  value  insufficient  to 
avoid  biofouling.  If  this  happens,  the  buoy  must  be  taken  up  for 
cleaning.  Conservative  data  for  safe  load  in  open  sea  for  a  cell  with 
an  optimal  structure  have  been  established.  These  data  predict  a  cell 
life  in  excess  of  4  years  in  a  light  buoy. 
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The  last  two  cells,  Kroppen  and  Fauskane.  power 
navigational  lights  in  a  very  exposed  area  on  the  west  coast  of 
Norway.  Compared  to  the  experimental  cells  at  Runde  and  Horten, 
the  cathode  current  density  has  been  decreased  by  a  factor  of  2, 
ensuring  a  safe  margin  with  respect  to  calcareous  film  formation  and 
biofouling. 

The  cell  can  be  restored  to  the  "as  new"  condition  if  the 
scale  on  the  cathode  is  removed.  This  may  be  done  mechanically 
(wet  sand  blasting)  or  chemically  with  an  acid  etch.  Calcium 
carbonate  is  easily  dissolved,  thus  weak  acids  such  as  1% 
hydrochloric  acid  is  suitable.  Both  processes  are  routine  and 
blasting  may  be  done  at  sea.  The  life  of  the  anode  is  between  3  and 
5  years  after  which  the  cell  may  be  refitted  with  a  new  anode, 
making  this  power  source  well  suited  for  low  cost,  low  power 
applications  of  long  duration. 

Future  production  of  cells  and  converters  will  be  made  by 
Simrad  Subsea  A/S,  Norway. 
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Introduction 

Atunlniun  (All.  a  battory  notativo. 
with  Its  acclaiaod  aorlta  liko  lo« 
squiwalsnt  wslght,  oaoy  availability.  low 
cost.  oasy  aachlnlng.  anw Ironasntal ly 
stabla*  ato. .has  undargona  vary  faw 
attaapti^for  davaloplng  aquaous  priaary 
rasarva  battarias  In  conlunctlon  with 
diffarant  inorganlo  poaitlvas. 

Aluainiua  saa-watar  rasarva  battariaa 
wara  raportad  by  savaral  authors* util Izlng 
althar  oxygan  raduolng  or  hydrogan 
avolvlng  oathodaa  and  ara  found  to  ba  wall 
suitad  for  a  variaty  of  ocaanographio 
applications*’*  ofooursa.  at  vary  low 
currant  dansltlaa  (fl.lgg  to  iff  nA  ca~^) 
and  voltagas  (l.A  to  ff.SVI.  At/nn02 
rasarva  battarias* ara  uaad  for  tow  powar. 
long  duration  undarsaa  traspondars.  Vary 
raoantly,  Licht  at.  al .  hava  danonstratad 
a  nova!  aquaous  At /Sulphur  activated 
battary  ^for  possibta  usa  in  alactric 
vahiclaa  wharaln  thay  hava  raalisad  an 
anargy  density  of  ilff  Uh/kg  and  oonparad 
favourably  with  conventional  battariaa 
like  laad-acld  (35  Wh/kgl.  Zn/MnO^  (95 
«h/kg)  ate. 

Hanca,  it  is  evident  fron  the  above 
studies  that  aluniniun  based  rasarva 
battarias  ara  useful  in  civilian  as  wall 
as  nilitary  applications.  However,  only  a 
few  inorganic  depolarizers  (nn02>S  and 
AgOt  hava  bean  investigated  inspita  of  the 
fact  that  thay  ara  associated  with  linitad 
capacity  output  (ff.l7  to  ff.A3  Ah/g).  Va 
wara.  therefore,  intarastad  to  conduct  a 
conprahansiva  axanination  on  the  higher 
capacity  oupric  oxide  (CuO)  tie.,  ff.e? 
Ah/gl  as  a  possible  depolarizer  for 
aluainiua  rasarva  battary,  which  is 
hitherto  not  raportad.  The  basic  raaotion 
involved  la  i 

2Al  ♦  3CuO  ♦  3H20  - >  2AI(0H)3  ♦  3Cu 

In  the  present  paper,  we  report  the 
perforaanoe  of  CuO  in  aluainiua  reserve 
batteries  at  different  currant  drains  and 
with  BOdiua  hydroxide  (NaOHI  and  potaasiua 
hydroxide  (KOH)  electrolytes. 

Kaaerlaentat 

Chaaicals  :  CuO  (Loba  Chaaie.ARl.  KOH  and 
NaOH  (Fisoher,  ARl  and  aoetylene  black 
(AB)  wara  uaad  as  such  without  further 
pur  if ieation. 

£X1L  fBtn:L8Btlgn  ROA  Ootiaization 

Eltglirgijctt  Cbbbbi LUqn 

Cathodes  of  3  oa  I  2  ea  area  ware 
prepared  by  spreading  the  cathode  aix 
containing  depolarizer  (Ig  CuO) .conduct ing 
aatarial  (ff.Ag  AB)  and  aquaous  binder  (  2 


to  3B  carboxyaathy I  oallulosa)  uniforaly 
over  a  aatal I Ic  currant  collector  (coppar 
aash)  and  pressed  at  an  optiaisad  load  of 
5  tonnes.  The  anodes  of  3  ca  t  2  oa  size 
wara  the  out  piaoas  f roa  2S  grade 
aluainiua  ahaatslff.AB  Fa.  ff.3V  Si.  ff. IS  Hg 
and  ff.  iS  Nn)  of  1.5  aa  thioknass.  AI/CuO 
calls  were  asseabled  in  a  plastic 
container  by  placing  a  cathode  batwasn  two 
anodes  and  wara  separated  by  aulti layers 
of  cellophane. 

The  calls  wara  activated  using  *  2ff 
al  of  the  tast  aleotrolyta  like  KOH  or 
HaOH  at  varying  conoantrations  (ff.5.  1.  2 

and  3  H)  and  dischargsd  at  25  aA  currant 
drain  at  rooa  taaparature  (3ff 
axparlasnts  wara  rapaatad  for  concordaney 
and  ware  raproduoibla  within  ±,2M. 

Ootiaization  al  &B. 

Conducting  aatarials  like  acatylana 
black.  graphite  ato  ara  blended  with 
Inorganic  depolarizers*  in  order  to 
anhanoa  thair  conductivity  and  for 
achieving  large  surface  area  alsctrodas. 

In  the  present  study.  AB  was  added  in 
various  proportions  (up  to  7ffS)  with  Ig  of 
CuO  and  1  oo  of  binder.  Cathodes  wara 
prepared  using  the  above  six  and  pressed 
at  an  optiaua  load  of  S  tonnes.  The  calls 
wara  assaabtad  as  described  earlier  and 
wara  discharged  at  constant  currant  drains 
of  25  aA  corresponding  to  a  currant 
density  of  2.1  aA  ea*^  in  B.5  M  KOH 
aleotrolyta. 

Discharsa  Study 

A  nuabar  of  A I /CuO  colls  ware 
asseabled  and  dischargad  at  various 
currant  drains  (25.  Sff  and  iffff  aA) 
corresponding  to  currant  densities  of  2.i, 
4.3  and  5.6  aA  ea~^  respectively  after 
initial  optiaization  of  AB  content  and 
alaetrolyto  ooncantration. 

Linear  Sweep  Vo  I  taaaatry  (LSV) 

0.17  g  of  CuO  was  aixad  with  405  AB 
and  vary  saall  aaounts  of  binder.  The  aix 
was  spread  on  both  sides  of  a  copper  aash 
currant  collector  of  1  ca  X  1  ca  size  and 
pressed  at  an  optiaizod  pressure.  LSV 
axparlaants  wara  parforaad  using  a  throe 
alaotroda  systaa  consisting  of  CuO 
cathodes  as  working,  platinua  as  counter 
and  Ag/AgCl  as  raforanca  aloctrodas  in  1  H 
NaOH  solution  using  a  Hanking  potantlostat 
(LB  75.  Garaany)  attached  to  a  scan 
gonarator  (VS6  72,  Garaany)  and  a  X  -Y 
recorder  (Rakidaai.  Japan). 

Raaulta  and  Dlacuaalon 

Fig  i  presents  the  discharge  curves 
obtained  froa  Al/CuO  colls  using  cathodes 
oontainlng  AB  froa  20  to  605  by  weight  of 
CuO  in  0.5  n  KOH  at  a  constant  currant 
drain  of  25  aA.  It  is  evident  froa  tho 
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Fig.  t.Dlachairg*  curvs  of  Al/CuO  calls  < 
Optlaizallon  of  AB  (0.5  M  KOH,  25  bA 
currant  drain) 


curvas  that  tha  capacity  of  tha  calls  wara 
anhancad  upto  40»  AB  contact  and 
tharaaftar  not  auch  significant 
iaprovaaant  Is  obsarvad.  Horaovar.  tha 
opan  circuit  voltaga  (OCV)  of  tha  calls 
rasMilns  constant  (1.51  to  1.55  V)  with 
varying  AB  coaposltlon.  Intarastlngly.  tha 
constant  OCV  of  tha  Al/CuO  calls  at 
varying  AB  contant  is  in  agraaaant  with 
our  aarllar  obsarvatlons  on  Hg/PNP  calls’ 
and  is  trua  as  suggastad  by  Tya  at.  at? 
Furthar,  a  narginal  daoraasa  In  capacity 

of  At/CuO  calls  at  hlghar  AB  contacts 
(abova  40%)  could  ba  asaociatad  to  tha 
dacraasa  in  tha  raaction  sltas  by  aasking 
of  tha  alaotroaotiva  apacias  la,  CuO. 

Tharafora,  40*  AB  contant  was  takan  as  tha 
optlaizad  coaposltlon  for  furthar 

Invastlgatlons  on  Al/CuO  colls. 


2  and  3  dapict  tha  parforaanca 
of  AI/CuO  calls  using  dlffarant 
concantratlons  of  aquaous  alactrolyta 
solutions  of  NaOH  and  KOH  (0,5, 1,2  and  3 
HI  at  tha  optlaizad  AB  contact  and  at  2SaA 
currant  drain  at  rooa  taaparatura.  It  Is 
claar  froa  tha  dlscharga  proflla  that  tha 
capacity  of  tha  calls  aaploying  aithar 

show  hlghar  roductlon 
offficioncy  and  tharoby  hlghar  capacity 


Flg.2.Dl8charga  curva  of  Al/CuO  calls  In 
various  concantration  of  KOH  (40«  AB,  25 
aA  currant  drain) 


output.  This  could  probably  ba  dua  to  tha 
aggrasstvo  corroslva  natura  of  thasa 
oloetrolytos  forcing  insolublo/solublo  Ha 
or  K  alualnatas.  Hanca,  in  HaOH  and  0.5n 
KOH  wara  taken  as  tha  optiaisad 
alactrolyta  coaposltlon. 


Discharge  behaviour  of  Al/CuO  calls 
in  tha  abova  optiaisad  AB  and  alactrolyta 
concantration  at  different  currant  drains 
(25,50  and  100  aA)  are  presented  in  figs  4 
and  5.  As  can  baan  seen  froa  thasa 
figures,  tha  call  voltaga  initially  falls 
at  lower  currant  drain  (<50  aA)  tharaaftar 
it  follows  a  flat  profile  and  tha  average 
operating  voltaga  is  seen  to  bo  1.15  to 


Fig. 3. Discharge  curva  of  AI/CuO  calls  in 
various  concantration  of  NaOH  (40*  AB,  25 
bA  currant  drain) 

1.2  V.  However,  at  hi  ghar  currant  drains  ( 
>50  bA)  a  sloping  discharge  curva  is 
obtained  with  a  stoop  fall  in  tha  capacity 
of  tha  calls.  Horaovar,  the  internal 
raslstanoa  of  tha  colls  aaploying  a  NaOH 
alactrolyta  was  found  to  bo  lessor  (•i-  2.3 
ohasithan  KOH  alactrolyta.  Thasa  large 
internal  roststanco  could  probably  ba  dua 
to  tha  non-conducting  nature  of  cupric 
oxido^  and  aay  also  ba  ascribed  to  the 
foraation  of  insoluble  alualnatas. 

It  is  observed  that  Al/NaOH/CuO  calls 
show  batter  currant  capability  (Fig. 5) 
ia.,  100  aA  in  coaparison.  to  Al/KOH/CuO 
calls.  This  behaviour  Is  rather  surprising 
considering  tha  hlghar  conductivity  of  KOH 
ovor  NaOH  alactrolyta.  Howavor,  since  wo 
ware  concornod  in  tha  present  studies  only 
to  evaluate  tha  parforaanca  of  CuO  in 
alkaline  aadiua,  no  special  attention  was 
given  for  iaproving  aloctrolytas. 
Furtharaora,  Tsaung  at  al.*,  have  reported 
recently  that  a  alxad  alactrolyta 
containing  30*  NaOH  *  50*  KOH  and 
vicavarsa  would  ba  an  ideal  alactrolyta 
solution  for  alualniua  rasarva  batteries, 
in  view,  of  thasa  studies,  wa  could  safely 
attribute  our  observations  to  tha 
foraation  of  insoluble  potassiua  aluainata 
salts  during  discharge  of  tha  calls  in  KOH 
solution. 

Tha  average  operating  voltaga  at 
higher  currant  drains  (  >50  aA)  is  9<1.2V 
for  colls  aaploying  NaOH  as  alactrolyta 
and  tharafora  capable  of  operating  at 
higher  currant  donsitios. 


TIRE  Oil 

Fig. 4. Discharge  curva  of  AI/CuO  calls  at 
various  currant  drain  (40*  AB,  0.5  H  KOH) 

Table  1  presents  tha  capacity, 
reduction  afficiancy  and  nuabar  of 
alaetrons  transferred  for  CuO  in  AI/CuO 
calls  at  different  currant  drains  and 
alactrolytas.  It  can  ba  seen  that  at  lower 
currant  drains  alacst  slailar  capacities 
are  obtained  suggesting  aaxlaua  afficiancy 
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F ig. S.Dlscharga  ourva  of  Al/IH  M»OH/CuO 
and  Mg/CuO  calls  at  various  currant  drain 

and  alactron  transfar  for  both  tha 
elactrolytas.  Howavar.  at  hlghar  currant 
drains  050  aAl  Al/NaOH/CuO  calls  show 
battar  parforaanca.  Calls  aaploying  NaOH 
solutions  show  highar  afficiancy  and 
alactron  transfar.  Thasa  rasults  ara 
intarastlng  considaring  tha  highar 
aobllitias  and  conductiv  itias  of  ovar 
Na'*  ions.  Tha  abova  rasults  could  bo 
assignad  to  tha  smallar  siza  of  tha 
cations  ia.  ,  Na'*  tharaby  indicating 
highar  hydration  nuabar^and  thus  onhaneing 
tha  solubility  of  Na  alualnatas  as 
conparad  to  thair  potassium  countarpar ts. 

A  comparison  of  our  rasults  on  At/CuO 
calls  with  2n/CuO  calls*  indicata  highar 
operating  voltages.  Wa  have  also  compared 
our  investigations  with  Mg/CuO  rasarva 
colls  as  shown  in  Fig. 5.  It  can  ba  saan 
from  tha  discharga  curvos  that  highar 
operating  voltages  ara  obtained  in  tha 
case  of  Al/CuO  calls  at  both  tha 
invostigatod  currant  drains  (25  and  50  mA) 
for  ng/CuO  calls.  However,  at  100  mA 
currant  drains  Mg/CuO  calls  showed 
operating  voltages  below  tha  cut  off 
voltage  in  the  present  study.  Further,  a 
marginal  increase  in  capacity  is  noticed 
for  calls  aaploying  magnesium  anodes. 
Moreover,  tha  energy  densities  (based  on 
dry  weight)  of  Al/CuO  calls  ara  found  to 
be  140  Uh/Kg  and  is  highar  than  Mg/CuO 
calls  (100  Wh/kg). 


Fig. e. Typical  I Inaar  swaap  voltammogram  of 
CuO  cathode. 

swaap  rates.  These  facts  suggest  that  tha 
reduction  of  CuO  via  CU2O  is  a 
slow  process.  Further,  a  sudden  fall  in 
currant  after  tha  peak  potential  may  ba 
ascribed  to  tha  stability  of  tha  reduction 
product.  A  linear  relationship  of  l-with 
square  root  of  scan  rats  confirms  that  the 
process  of  CuO  reduction  is  diffusion 
control  lad. 

Cowoluaion 

1.  Aluminium  /  Cupric  Osida  rasarva 
batteries  ara  capable  of  operating  at 
highar  currant  densities  (up  to  8.6  mA 
cm'^)  in  a  NaOH  medium. 

2.  Cathodic  afficiancy  of  CuO  is  80%  at 
low  currant  drains  and  30%  at  higher 
currant  densities. 

3.  Higher  operating  voltage  (1.20  V)  are 
obtained  for  Al/CuO  calls  in  oomparlslon 
to  conventionally  used  rasarva  Hg/CuO  (1 
V)  or  Zn/CuO  (0.6  V)  calls. 

4.  Energy  density  of  Al/CuO  calls  is 
140  Wh/kg  and  is  highar  as  compared  to 
Mg/CuO  calls  ia.,  100  Wh/kg. 

Finally,  in  addition  to  tha  abova 
advantages,  aluminium  is  a  cheaper  anode 
mater ial . 


In  order  to  arrive  at  tha  practical 
.ondition  of  CuO  cathode  during  discharge 
of  an  A I /CuO  call,  pressed  powder 
alactrodas'^as  in  tha  case  of  tha  discharge 
studies  ware  subjected  to  LSV  studies  at 
significantly  reduced  swaap  rates  (V)  ia. , 
2.5,10  and  25  mV/s  in  tha  potential  range 
of  000  tp  -500  mV  in  IH  NaOH  medium.  It 
can  ba  seen  from  Fig. 6  that  only  cathodic 
peak  (-300  to  -  350  mV)  arc  observed  and 
they  shift  further  cathodic  with 
increasing  sweep  rates  (upto  2SaV/sl. 
However.  no  peak  is  obtained  at  highar 

Table  I 

Capacity  (Ah),  Cathodic  Efficiency  (%)  and 
Numbar  of  alactrons  transferred  (nl  in 
AI/CuO  calls  at  various  currant  drains 
(C.D)  and  electrolytes. 


C.D 

(mA) 

Ah 

NaOH 
%  n 

Ah 

KOH 

% 

n 

25 

0.55 

82 

1.6 

0.60 

89 

1.8 

50 

0.28 

43 

0.8 

0.  10 

IS 

0.3 

100 

0.20 

30 

0.6 

-- 

-- 

-- 
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IMPROVED  MAGNESIUM  BATTERY 
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Abstract 

Following  a  twenty  month  developmental  contract 
with  Rayovac  Corporation,  One-hundred  prototype  BA- 
4590  magnesium/  manganese  dioxide  (magnesium) 
batteries  were  fabricated.  Half  the  batteries  (lot  A)  were 
fabricated  with  no  chromates  in  the  cathode.  The  corrosion 
inhibition  system  was  sodium  metavanadate  in  the  cathode 
and  electrolyte,  and  a  cottonseed  oil  anode  treatment.  The 
remaining  5%  batteries  (lot  B)  were  febricated  with  a  50% 
reduction  of  barium  chromate  in  the  cathode  mix . 

Throughout  continuous  discharge  testing  lot  B 
batteries  outperformed  lot  A.  The  magnesium  batteries  of 
both  lots  also  "ran"  hot.  The  external  temperature  of  six 
batteries  exceeded  45  "C.  During  intermittent  usage,  lot  A 
magnesium  batteries  lost  15%  more  capacity  to  anodic 
corrosion  than  lot  B  batteries.  During  SINCGARS 
simulation,  lot  A  batteries  delivered  no  service  hours; 
whereas,  lot  B  delivered  0.5,  7.1,  and  9.2  hours  at  4.4,  21.1, 
and  43.3  ‘’C  respectively. 

Overall,  the  magnesium  BA-4590  incorporating 
barium  chromate  has  the  potential  for  battery  cost  savings 
only  under  low  power,  tepid  operating  temperature 
conditions. 

Introduction 

Faced  with  budget  cuts,  the  US.  Army  is  interested  in 
reducing  battery  training  costs.  The  projected  low  unit  cost 
of  the  magnesium  chemistry  makes  the  prototype  BA-4590 
an  attractive  candidate  as  a  cost  effective  training  battery 
replacement  for  the  BA-S590/U  lithium  battery. 
Shortcomings  inherent  with  the  standard  magnesium 
electrochemical  systems,  however,  have  made  this 
replacement  unrealistic. 

Precious  efforts  [1 ,2]  have  dealt  with  the  development 
of  the  magnesium  BA-4590  battery.  The  most  recent  work 
entails  the  investigation  of  anode  corrosion  inhibitor  systems 
alternate  to  the  standard  inhibitor  system  of  barium 
chromate. 

Following  a  twenty  month  developmental  contractual 
effort  with  Rayovac  corporation,  one-hundred  prototype  BA- 
4590  magnesium  batteries  were  fabricated.  This  paper 
focuses  on  the  testing  and  evaluation  of  the  magnesium 
batteries  under  various  discharge  conditions  (rate, 
temperature  and  duty  cycle).  Additionally,  effect  of 
intermittent  usage,  SINCGARS  radio  simulated  drain,  and 
accelerated  storage  was  investigated. 


/\pptaach 

Tests  were  perfonned  to  characterize  the  following 
parameters  of  the  two  lots  (A  and  B)  of  the  prototype 
magnesium  BA-4590/U  batteries;  (1)  weight  and 
dimensions,  (2)  continuous  discharge,  (3)  intermittent 
discharge,  (4)  SINCGARS  simulation  and  (5)  accelerated 
storage. 

The  16-cell  Prototype  magnesium  battery  consists  of 
two  15.0-volt  electrical  sections.  Each  portion  consists  of  a 
2.25  ampere  slow-blow  electrical  fuse  and  8  cells  connected 
in  series.  The  battery  is  utilized  in  either  series  or  parallel 
arrangement.  Nominal  voltage  is  30.0  volts  (series)  or  15.0 
volts  (parallel). 

The  cells  are  designated  1602-M.  The  cell,  cylindrical 
in  shape,  is  52.88  mm  in  height  and  25.81  mm  in  outside 
diameter.  The  cells  are  bobbin  construction.  The  anode, 
the  can  itself  is  magnesium  alloy  (AZ21).  This  is  the  same 
anode  material  utilized  in  the  Rayovac  production 
magnesium  battery,  the  BA-4386/U.  The  alloy  consists  of 
magnesium  (95.65%),  aluminum  (2.0%),  zinc  (1.0%),  and 
minute  quantities  of  magnesium  (0.2%)  and  calcium 
(0.15%).  The  anode  corrosion  inhibition  utilized  in  lot  A 
battery  consists  of  sodium  matavanadate  (cathode  and 
electrolyte)  and  cottonseed  oil  treatment  of  the  magnesium 
alloy  cans.  For  lot  B  batteries,  the  corrosion  inhibitor  system 
consists  of  barium  chromate  (cathode)  and  lithium  chromate 
(electrolyte). 

The  cathodes  mix  of  the  two  battery  lots  are  as  follows: 


Lot  A 

Component 

Lots 

52.00% 

Magnesium  dioxide 

52.00 

6.95 

Acetylene  carbon  black 

6.95 

0.82 

Magnesium  hydroxide 

0.82 

— 

Barium  Chromate 

0.82 

0.16 

Sodium  metavanadate 

— 

40.07 

Electrolyte 

39.41 

For  lot  A  the  electrolyte  consists  of  3.5N  magnesium 
perchlorate  and  sodium  metavanadate  (.2g/l).  Lot  B 
electrolyte  consists  of  3.5  magnesium  perchlorate  with 
lithium  chromate  (.2g/l). 

Experimental  Procedure 

Before  testing,  dimensions  and  weight  of  all  batteries 
were  measured.  Following  discharge,  battery  dimensions 
were  recorded  and  compared  to  initial  values.  Dimensions 
prior  to  and  following  testing  were  compared  to  BA-5590/U 
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dimensions  as  specified  in  MIL-B-49430(ER). 

Electrical  testing  consisted  of  continuous  constant 
current  discharge,  intermittent  discharge.  SINCGARS  radio 
simulation  and  accelerated  storage.  A  16  channel  Techware 
Automated  Battery  Cycler  performed  all  discharge  and  data 
acquisition.  Five  and  one-quarter  inch  disks  stored  all 
discharge  data.  A  Tenny  Jr  temperature  chamber  was 
employed  to  maintain  the  battery  environment  at  the 
appropriate  temperature. 

Continuous  Discharge 

Continuous  constant  current  discharge  was 
performed  at  4.4,  21.1,  and  43.3°C.  Batteries  were  soaked 
for  8  hours  at  the  appropriate  temperature  prior  to  discharge. 
The  discharge  rate  varied  from  500  to  1250  mA. 
Throughout  testing  internal  and  battery  skin  temperatures 
were  recorded.  The  discharge  time  to  20.0  volts  was  used 
to  calculate  capacity. 

Intermittent  Discharge 

Testing  was  performed  at  500  mA  and  21.1°C.  The 
batteries  were  partially  discharged  for  three  hours.  The 
batteries  were  then  stored  at  21.1°C  for  one  or  four  weeks. 
Discharge  at  500  mA  and  21.1‘’C  was  then  continued  to  an 
endpoint  of  5.0  volts.  The  time  to  20.0  volts  was  used  for 
calculation  of  capacity.  Battery  performance  was  compared 
to  that  obtained  for  continuous  discharge  at  500  mA  and 
21.1°C. 

SINCGARS  Simulation 

Testing  simulated  typical  usage  of  the  SINCGARS 
radio.  One  BA-5590/U  battery  in  the  parallel  mode  powers 
the  radio,  which  operates  at  constant  power.  The  discharge 
scenario  consists  of  1  minute  at  26.4  watts  (transmit) 
followed  by  9  minutes  at  3.6  watts  (receive).  This  cyclic 
regime  was  continued  to  a  battery  potential  of  5  volts  under 
the  transmit  mode.  Testing  was  performed  at  4.4,  21.1  and 
43.3°C.  Prior  to  discharge,  all  batteries  were  soaked  at  the 
appropriate  temperature  for  8  hours.  The  calculation  of 
useful  capacity  used  the  time  to  10.0  volts.. 


Accelerated  Storage 

Batteries  were  stored  for  four  weeks  at  7 1 . 1  °C  prior  to 
discharge.  The  batteries  were  then  discharged  at  500  mA  at 
21.1°C  to  0.0  volts.  The  time  to  20.0  volts  was  used  for 
calculation  of  capacity.  Battery  performance  was  compared 
to  that  obtained  for  continuous  discharge  at  500  mA  and 

21. rc. 

Results 

Weight  and  Dimensions 

The  lithium  BA-5590/U  requirements  for  weight  and 
dimensions  are  as  follows: 


maximum  weight;  1058  grams 
height;  125.40  to  127.00  mm 
length;  110.16  to  111.76  mm 
width;  60.63  to  62.23  mm 

All  the  magnesium  BA-4590AJ  batteries  were  within 
the  weight  specification.  The  mean  battery  we^ht  is  974 
grams. 

Following  discharge,  the  dimensions  of  all 
magnesium  batteries  exceeded  the  specifications.  The 
length  of  all  the  batteries  surpassed  the  maximum  limit  of 
111.76  mm.  The  smallest  dimensional  increase  was  the 
height.  Fourteen  batteries  exceeded  the  height  limit  of 
127.00mm.  Battery  expansion  was  a  direct  result  of  the 
individual  cells  swelling.  The  formation  of  magnesium 
hydroxide  Mg(OH)2  between  the  anode  and  cathode  exerted 
internal  pressure  on  the  anode  (can).  This  caused  the 
individual  cells  to  swell  and  crack  open. 

Continuous  Discharge 

Table  1  shows  the  dependence  of  magnesium  BA- 
4590  perfomnance  on  discharge  conditions  (temperature  and 
rate). 

Table  1 . 


Constant  Current  Discharge 


Discharge  Conditions 

Average  Capacity  to  20.0  Volts 
(Ah) 

Temperature 

(“C) 

Rate 

(Amps) 

Lot  A 

LotB 

Lithium 

4.4 

0.50 

1.80 

2.74 

6.70 

21.1 

0.50 

6.56 

6.88 

7.10 

21.1 

1.00 

1.30 

2.64 

7.00 

21.1 

1.25 

0.00 

1.21 

7.00 

43.3 

1.00 

2.33 

2.5 

6.90 

Lot  B  (reduced  chromate)  outperfomied  Lot  A 
(sodium  metavanadate  and  cottonseed  oil)  batteries 
throughout  the  continuous  discharge  regime.  The 
magnesium  BA-4590  also  ran  hot.  At  elevated  test 
conditions  (discharge  rate  and  ambient  temperature),  the 
internal  battery  operating  temperature  increased.  This 
inherent  characteristic  of  the  magnesium  system  is 
beneficial  at  cold  temperatures.  The  generated  heat 
warms  the  battery  and  improves  performance.  At  elevated 
discharge  rates  and  operating  temperature  the  additional 
heat  could  pose  a  handling  problem.  The  maximum 
recorded  skin  temperature  of  six  batteries  exceeded  45°C. 
This  is  the  pain  threshold  for  skin  [3].  Unlike  the 
magnesium,  the  lithium  battery  perfomnance  is  highly  stable 
throughout  the  various  discharge  conditions  and  it  does  not 
"run"  hot. 

Intermittent  Discharge 

Partially  used  magnesium  batteries  do  not  store  well 
as  a  result  of  anodic  corrosion.  The  initial  discharge  of  3 
hours  of  500  mA  removed  the  magnesium  hydroxide  film 
that  protects  the  anode  from  corrosion.  Once  removed  the 
film  does  not  reform  to  its  original  degree  of  protection. 
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Lot  A  batteries  lost  an  average  of  0.13  hr  per  day  due 
to  the  anodic  corrosion;  whereas,  Lot  B  batteries  lost  0.1 1  hr 
per  day.  This  represents  a  15%  greater  anodic  corrosion 
capacity  loss  for  Lot  A.  Lot  A  contained  no  chromates,  only 
sodium  metavanadate  and  cotton  seed  oil  as  corrosion 
inhibition.  Lot  B  corrosion  inhibition  system  was  a  50% 
reduction  in  barium  chromate  from  0.12  to  0.06  g  per  cell. 

SINCGARS  Simulation 

Table  2  below  shows  the  SINCGARS  simulation  test 
results.  Performance  of  the  magnesium  batteries  is  highly 
dependent  upon  temperature;  whereas,  lithium  BA-5590AJ 
operation  is  considerably  stable.  Compared  to  Lot  B 
magnesium  batteries,  the  lithium  battery  provided  390% 
greater  service.  Regardless  of  the  discharge  temperature, 
lot  A  magnesium  batteries  provided  no  service  time. 

Table  2 


SINCGARS  Simulation 


Discharge 
Temp.  (°C) 

Time  to  10.0  Volts  (hr) 

Lot  A 

LotB 

Lithium 

4.4 

0.0 

0.5 

33.3 

21.1 

0.0 

7.1 

34.5 

43.3 

0.0 

9.2 

36.0 

Accelerated  Storage 

The  effect  of  4  weeks  at  71.1°C  is  shown  below  in  Table  3. 
Table  3 


Accelerated  Storage 


Battery 

Number 

Lot 

Service 
Time  (hr) 

Weight 
Loss  (g) 

13 

A 

0.00 

41 

14 

A 

0.00 

46 

15 

A 

0.00 

40 

16 

A 

0.00 

44 

17 

B 

6.35 

10 

18 

B 

6.04 

10 

19 

B 

5.84 

10 

20 

B 

6.30 

9 

Lot  A  magnesium  batteries  delivered  no  service  following 
accelerated  storage;  an  average  of  6.56  hours  was  lost.  Lot 
B  batteries  delivered  an  average  of  6.13  hours  of  operation. 
The  corresponding  reduction  in  battery  weights  is  evidence 
of  the  anodic  corrosion  that  rendered  the  poor  performance 
of  Lot  A  batteries.  Post  mortem  analysis  of  the  failed  cells 
revealed  much  of  the  anode  can  had  corroded  and  the 
cathode  mix  was  very  dry.  The  Lot  A  corrosion  inhibition 
system  did  not  perform  well  -  anodic  corrosion  via  Mg-t-2H20 
-»Mg(OH2)  *  H2  was  uncontrollable.  Eventually  the 
cathode  mix  "dried  out"  and  battery  performance  was 
drasticaliy  reduced. 


Coat  Analysis 

A  comparison  of  battery  operating  cost  between  the 
prototype  magnesium  BA-4590  and  the  lithium  BA-5590AJ 
was  performed.  Continuous  discharge  and  SINCGARS 
simulation  was  investigated.  The  analysis  is  based  on  the 
following; 

1 .  One  day  (24  hr)  of  radio  operation 

2.  Battery  unit  costs; 

Lithium  BA-5590AJ;  $51.50 

Magnesium  BA-4590AJ;  $18.40 

The  above  unit  prices  are  estimates  of  the  actual  cost 
incurred  by  the  soldier. 

Table  4  compares  the  magnesium  and  lithium  battery 
operating  costs  for  continuous  usage.  At  4.4°C,  the 
magnesium  BA-4590/LI  is  cost  effective  at  approximately 
500  mA  and  below.  At  21.1°C,  savings  are  realized  at  1.0 
amperes  and  below.  At  43.3°C,  the  magnesium  battery  is 
cost  effective  below  1 .0  amperes. 

Table  4 


Continuous  Discharge  Battery  Operating  Costs 


Temp. 

(“C) 

Rate 

(A) 

Battery  Operating  Cost  ($/day) 

Lot  A 

LotB 

Lithium 

4.4 

0.50 

122.7 

80.6 

92.2 

21.1 

0.50 

33.7 

32.1 

87.0 

21.1 

1.00 

339.7 

167.3 

176.6 

21.1 

1.25 

no  service 

456.2 

220.7 

43.3 

1.00 

189.5 

176.1 

179.1 

Table  5  displays  the  SINCGARS  simulation  battery 
operation  costs.  Only  at  elevated  temperatures  (>43°C)  is 
the  magnesium  BA-4590/U  cost  effective. 

Table  5 


SINCGARS  Simulation  Battery  Operating  Costs 


Temp. 

("C) 

Battery  0 

perating  Costs  ($/day) 

Lot  A 

LotB 

Lithium 

4.4 

no  service 

883.2 

37.1 

21.1 

no  service 

62.2 

35.8 

43.3 

no  service 

48.0 

34.3 

The  cost  analysis  assumes  continuous  battery  usage. 
Intermittent  operation  of  the  magnesium  system  would 
reduce  any  potential  cost  savings. 

Conclusions 

The  corrosion  inhibition  system  of  sodium 
metavanadate  and  cottonseed  oil  (lot  A)  performed 


44 


extremely  poor.  Throughout  the  entire  test  regime,  tot  A 
magnesium  system  showed  no  performance  advantage  over 
lot  B  (50%  BaCr04  reduction)  magnesium  batteries. 
Following  four  weeks  of  TI.I’C  storage,  lot  A  magnesium 
batteries  delivered  zero  service  hours;  whereas,  lot  B 
delivered  an  average  of  6.1  hours.  Similar  results  were 
observed  for  SINCGARS  simulation  testing.  Regardless  of 
temperature,  lot  A  delivered  no  operational  hours;  whereas, 
lot  B  BA-4590  batteries  delivered  0.5,  7.1  and  9.2  hours  at 
4.4,  21.1.  and  43.3°C  respectively 

Overall,  the  prototype  magnesium  battery  did  not 
perform  well  at  extreme  conditions.  At  4.4’’C  and  below  and 
at  rates  greater  than  1.0  amperes,  BA-4590  performance 
was  significantly  reduced.  Additionally,  the  battery 
dimensions  were  not  stable  and  the  external  temperatures 
exceed  45°C  at  certain  conditions.  The  lithium  BA-5590AJ 
performance  was  for  superior.  SINCGARS  simulation  tests 
showed  that  only  at  elevated  temperatures  (>43°C)  is 
magnesium  BA-4590  usage  cost  effective  versus  lithium  BA- 
5590/U.  Regarding  continuous  usage,  the  cost  effective 
break  even  point  is  1.0  amperes  at  21.1  and  43.3°,  and  0.5 
amperes  at  4.4°C. 
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ANODIC  BEHAVIOUl  OF  HAGNESIUM-UTHIUM  ALLOY  IN 
AQUEOUS  MAGNESIUM  PKIMARY  BATTERY 


GOPU  KUHAR.  A.SIVASHAMnUGAfl.  R.nUHItMIOI  and  A.K.VADIVIL* 
Cvntrat  Elwctrochvalcal  R«s«aroh  Institut*  (CSIR)> 
Karatkudl  -  823  0«8,  TaailNadu.  India 


Introduetlon 

Rafna^lua  battarlas,  both  r«««rv«  and 
dry  typaa  ara,  navarthalass. var^ 

attractiva  than  zinc/llthiua  battarlaaT 
Invastigatlona  on  aagnaalua  anoda  althar 
individually  or  in  conjunction  with 
diffarant  dapolarlzara  hava  attalnad 
raaarkabla  dlaansions,  which  la  avidant 
froa  racant  litaratura  acan.  Tha  raaaon 
acclaiaad  to  tha  potantiat i ttaa  of 
aagnaalua  anoda  Ilka  high  anargy. 
anvlronaantalty  friandly  and.  ofcouraa. 
tachnological ly  coafortabla? 

Studiaa  on  tha  iaprovaaant  of  ahalf- 
lifa  and  potantiat  raattcation  of 
aagnaalua  hava  baan  attaaptad  through 
varioua  aaana  althar  by  introducing 
inhlbitora.al iainatlng  cartaln  dagrading 
alaaanta.  aurfaca  coating  or  alloying  with 
aatala  lika  Al,  Zn,  Pb,  Sn  ate.  Soaa 
aagnaalua  alloya  (A2  31,  A2  21,  AP  65,  AT 
611  hava  baan  axtanaivaly  invaatigatad  and 
faw  ara  wall  aatabliahad  in  cartaln 
practical  appi IcationaT 

Howavar,  tha  idaa  of  alloying  lithlua 
with  aagnaalua  ia  qulat  intaraating  ao  aa 
to  anjoy  tha  hlghar  potantiat /anargy 
charactarlatlca  of  lithiua  and  till  data 
vary  faw  raporta*’*  ara  availabla  to 
alucidata  tha  poaaibility  of  axplotting 
aagnaalua  -  lithlua  (ng-Li)  alloy  aa  a 
bat tar y  anoda.  Tha  addition  of  lithiua  to 
aagnaalua  haa  baan  raportad  to  hava  a 
corroaion  raaiatanea”  aiailar  to  othar 
aagnaalua  alloya  and  giva  hlghar  voltaga 
and  battar  diacharga  charactar iatica. 

Hanca,  in  tha  praaant  papar,  wa  hava 
carriad  out  a  coaprahanaiva  invaatlgation 
on  tha  parforaanca  charactarlatlca  of  Mg- 
L1  alloy  aa  a  half  calllaingla  alactrodal 
aa  wall  aa  tlg-Li/CuO  call  in  aalactad 
alactrolytaa. 

Eapariaantal 

Chaaicala  s  Ng-Li  alloy  ( 13«  Li),  HgCU, 
l1gBr2,  ”<‘^104)2,  Mg(C00CH3l2  and  CuO 
(Loba  Chaala,  AR)  wara  uaad. 

Datarainatlon  aL  isll  tSJ' 

Waight  loaa  aathod  waa  uaad  for 
coaparing  tha  aalf  corroaion  of  Ng-Li 
alloy  in  varioua  alactrolytaa.  1  cm  I  1.5 
ca  apaclaan  wara  intially  claanad  and  than 
waighad.  Thaaa  ahaata  wara  coaplataly 
iaaaraad  in  100  at  of  tha  invaatigating 
alactrolyta  for  15  houra  at  30^1*’C.  During 
tha  couraa  of  thia  axparlaant  tha 
aolutiona  wara  not  atlrrad,  ainca  in  an 
actual  battary  tha  alactrolyta  la  undar 
atagnant  condition,  whan  tha  currant  ia 
not  drainad. 


Galvanoatatic  Polarization  Naaauraaanta 

Anodic  and  cathodic  polarization  of 
Ng-Li  all  oy  anoda  in  varioua  alactrolytaa 
aantlonad  aarllar  wara  carriad  out  by 
iapraaaing  diraet  currant  froa  a  conatant 
currant  ganarator.  Tha  axpariaantal  call 
waa  a  typical  thraa  alactroda  aaaaably 
using  platinum  foil  aa  countar,  Ag/AgCl  aa 
rafaranca  and  Ng-Li  (3  ca  I  2  cal  aa 
working  alaotrodaa.  Tha  Ng-Li  piacaa  wara 
cloth  buffad  in  tha  praaanca  of  puaica  and 
than  dagraaaad  with  trichloroathy lana 
bafora  usa. Polar izatlon  aaaauraant  waa 
atartad  aftar  an  iaaaraion  tiaa  of  5  ain, 
whan  a  ataady  atata  potantial  (opan 
circuit)  was  obtained.  Currant  danaitiaa 
in  tha  range  of  10  -  250  aA  ca~^  wara 
iaprassad  on  tha  working  alactroda  and  tha 
steady  potantial  was  aaaaurad  at  each 
currant  dans ity. Cur rant  and  potantial 
aaasuraants  wara  aada  using  high  iapadanoa 
aul tiaatar. 

Pr»B0r0^i<?n  si.  Electrodes  uil  Cal  1 

Ng-Ll  alloy  ahaata  of  3  ca  1  2 

ca  size  and  0.15  ca  thioknass  wara  used  aa 
anode.  Cathodes  wara  prepared  by  press ing 
a  loose  powder  alx  containing  Ig  CuO,  0.4g 
acetyl  ana  black  and  2  to  3  al  of  aqueous 
binder  on  both  aides  of  a  3  ea  I  2  ca 
copper  currant  collector  at  an  optlatsad 
pressure.  Thus,  a  call  aaaaably  eonsiata 
of  two  anodes  and  one  cathode  aaparatad  by 
cellophane  arranged  alternatively  and 
loosely  wound  by  nylon  thread  for  keeping 
tha  electrodes  intact  to  alniaiza  tha 
ohalc  raslstanca.  Electrodes  ware 
aasaablad  in  a  PVC  container  and  activated 
with  tha  required  voluaa  of  tha 
investigated  electrolytes  and  dlachargad  at 
constant  currant  drains  of  25,  50,  75  and 
100  oA  at  rooa  tamper atur a  up  to  a  cut  off 
voltaga  of  0.6  V.  Voltaga  vs  tiaa 
wara  recorded  at  tiaa  intervals.  Tha 
weight  of  anode  consuaad  was  also 
datarainad  froa  tha  initial  and  final 
waight  of  the  anodes  taken  bafora  and 
aftar  discharge  raspactlvaly.  Tha  anodes 
wara  claanad  by  a  standard  procadur? 
bafora  weighing. 

Raaulta  and  Dlaousaion 

Tha  work  dascrlbad  hare  relates  to 
tha  studies  on  tha  anodic  behaviour  of  Ng- 
Li  alloy  aatal  undertaken  either 
individually  or  in  combination  with 
cathode  in  tha  praaanca  of  various 
alactrolytaa  such  as  NgCl2,  NgBr,,  HgS04, 
Ng  10104)2  Ng(C00CH3)2  aolutiona. 

ggrrqilvn  naaauraaant 

It  is  wall  known  that  tha  corrosion 
rata  depends  on  alactrolyta  concentration. 
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alloy  coapoaltlon  and  pH  of  tha  aolutlon. 
Tha  oorroalon  rata  of  Hg-Al  alloy  is 
highaat  In  ohlorlda  aadiua  and  lowaat  In 
parchlorata  aadtua.  Thla  was  asorlbad  to 
tha  parasitic  corrosion  ooouring  in  Hg-Al 
a I loys" 

Howavar,  in  Hg-ti  alloy  tha  rata  of 
corrosion  is  aaxiaua  and  alniaua  in 
HglC  10^)2  KtC;i2  alactrolyta  solutions 
raspactlvaly  (Taola  1).  Further.  tha 
corrosion  rata  incraasad  at  higher 
alactrolyta  concentration  <lua  to  tha 
increase  in  tha  anion  oontant”  and  tha 
corrosion  rata  of  lig-Li  alloy  in  2  n 
solution  of  various  alactrolytas  are  in 
tha  order  of  NgCl2  <  ng(C00CH3)2  <  ngS04  < 
ngBr2  <  ng(Cl04)2> 

Table  1 

Corrosion  rata  aaasuraaant  of  Hg-Li  alloy 
in  different  alactrolytas 


Corrosion  rata  Concentration 

(eg  CB~^  ain'^l  (Molar) 


1.0 

l.S 

2.0 

MgCl2 

0.0031 

0.0042 

0.0059 

HgBr2 

0.0046 

0.0057 

0.0168 

Mgicf04)2 

0.0054 

0.0074 

0.0422 

MgSO^ 

0.0038 

0.0052 

0.0072 

Hg(C00CH3)2 

0.0053 

0.0060 

0.0067 

Table  tl  presents  a  coaparison  of  tha 
corrosion  rata  of  Mg-Ui  alloy  with  tha 
widely  used  Mg  AZ  3t  alloy. 

Table  II 

Corrosion  rata  aaasuraant  of  Hg-Li  alloy 
and  Mg  AZ  31  alloy  In  2.0  eolar 
concentration 


Electro 
-  lyte 

Corrosion  rate 

(mg  cm'^  aln”^ 

Hg-Li 

Mg  AZ  31 

MgCl2 

0.0059 

0. 1832 

MgBr2 

0.0168 

0.0810 

Hgicro^), 

0.0422 

0.0029 

MgSO^ 

0.0072 

0.0033 

MglCOOCHg) 

2 _ 

0.0067 

0.0034 

The  aaxiaua  and  ainiaue  rata  of 
corrosion  is  observed  for  Mg-Ll  alloy  in 
ng(Cl04)2  and  ngCl2  alactrolyta  solution 
raspactively. 

Tha  above  observations  are 
intarasting  considering  tha  difference  in 
tha  corrosion  behaviour  of  ttg-Al  and  Hg-Li 
alloys.  In  tha  case  of  Hg-M  alloys.  the 
onset  of  parasitic  reaction  and  subsequent 
foreation  of  highly  acidic  AICI3  salt, 
enhances  the  rata  of  corrosion  in  HgCl2 
aadiuB.  However.  in  Hg-Li  alloy.  tha 
anodically  generated  electrolyte  salt, 
LlCl  accueulates  untill  ^^t  precipitates 
out  as  an  iapsrvious  layer  in  tha  pores  of 
tha  superficial  hydroxide  layer  and 
thereby  increasing  tha  corrosion 
resistance  of  this  alloy.  Further,  these 
facts  may  also  be  suppleeanted  by  tha 
newer  eachanical  properties  associatad 
with  this  alloy? 


QASH.  CUvmtt  Potential  Haasureeants 

Ope  n  circuit  potential  (OCP) 

eaasuraants  have  bean  carried  out  for 
Hg-Li  alloy  (vs  Ag/AgCl )  in  1.0.  1.5  and 
2.0  eolar  concentrations  of  HgCl2.  HgBr2. 
ng<C104)2.  ngSO^  and  ng(C00CH3T2 
alactrolytas. 

It  is  evident  froe  table  III 
that  tha  OCP  of  Hg-Li  alloy  is  found  to 
incraasa  slightly  with  increasing 

electrolyte  concentration.  The  OCP  is 
earginally  higher  in  tha  case  of  ngCl2  or 
HgBr2  electrolyte  and  this  could  be 
ascribed  to  tha  slightly  acidic  nature^  of 
those  alactrolytas.  It  is  intarasting  to 
compare  our  observations  with  tha  OCP  of 
Hg-Al  alloysV  wherein  higher  potential 
differences  are  realized  in  ngCl2  eediue 
than  ng(C104)2  is.,  0.15  V.  However.  in 
the  present  study  the  difference  is  only 
by  0.08  V.  This  fact  could  be  ascribed  to 
the  adherent  passive  file  foreed  by 
LiCl.  The  formation  of  corrosion  product, 
high  reactivity  of  alloy,  internal 
resistance  caused  by  the  magnesium 
hydroxide  film  formation  and  the  entry  of 
hydrogen  gas  into  the  electrode  surface 
resulting  in  the  reduction  of  the 
affective  surface  area  are  tha  likely 
reasons  for  the  sharp  drop  in  the  OCP  of 
these  electrolytes. 

Table  III 

Open  circuit  potential  of  magnesium- 
lithium  alloy  in  various  electrolytes  with 
respect  to  Ag/AgCl  reference  electrode 


Electrolyte  Open  Circuit  Potential  (V) 


(Holar ) 

1.0 

l.S 

2.0 

MgCl2 

-1.46 

-1.48 

-1.50 

HgBr2 

-1.47 

-1.48 

-1.52 

Hg(Cr04)2 

-1.42 

-1.42 

-1.44 

ngso^ 

-1.36 

-1.38 

-1.42 

Mg(C00CH3)2 

-1.38 

-1.40 

-1.46 

P.g.lBX.UB<^t9n  Heasurements 
Figs.l(a-c)  show  plots  of  potential 
against  log  current  density  for  Hg-Li 
alloy  in  various  electrolytes  wrien 
subjected  to  gal vanostatic  polarization. 
It  is  observed  that  the  cathodic 
polarization  was  more  pronounced  than  the 
anodic  polarization.  This  reveals  that 
the  corrosion  of  this  alloy  in  these 
electrolytes  is  controlled  cathodical ly. 
Similar  behaviour  is  observed  in  the  case 
of  Mg  AZ31  al  loy  [Figs.  Bla-cJ.  It  can  be 
seen  from  these  figures  that  electrolytes 
like  HgSO^  and  HglCOOCH^lo  show  more 
positive  value  and  hence  these 
electrolytes  are  not  suitable. 

Discharge  Behaviour 

Hagnesium  reserve  cells  were 
fabricated  using  Hg-Li  alloy.  CuO  as  anode 
and  cathode  material  respectively.  The 
discharge  characteristics  of  Hg-Li  /  HgClo 
/  CuO  cells  have  been  carried  out 
gal vanostatical ly  under  continuous 

discharge  at  various  current  densities. 
Table  IV  summerizes  the  performance  of  the 
above  cell  at  various  current  drains  (25. 
50,  75  and  100  mA)  corresponding  to 
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Fig. 3.  Dl^oharg*  B*ha.wiour  of  «g-Ll/CuO 
»nd  Mg  A231/Cu0  C«ll«  »t  Varlou*  Currant 
Drains 


Finally,  In  wlaw  of  tha  abova 
advantagas,  Mg-Ll  alloy  is  a  potantlal 
anods  aatarlal  for  aagnsslua  battarias. 
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ELECTROLYTE  LEAKAGE  PHENOMENON  IN  RESERVE  ORDNANCE  BATTERY 
FOR  ARMY  M732  ELECTRONIC  PROXIMITY  FUZE 
Mel  Morgansiein 

Reserve  Battery  Technology  Branch 
Electronics  and  Power  Sources  Directorate 
Army  Research  Laboratory 
2S6q  Powder  Mil)  Road 
Adelphi.MD  20783-1145 


The  PSllS  Reserve  Power  Supply 

The  M732  electronic  fuze  is  the  principle  proximity  fuze  system  used 
in  the  U.S.  Army  and  Marine  Corp’s  105 , 155 . 175  ,  and  8-inch  artillery 
and  4.2-inch  monars.  Millions  of  these  fuzes  are  in  the  field  stockpiles 
worldwide.  Energy  for  the  fuze  is  provided  by  a  liquid  electrolyte  reserve 
battery  designated  the  PSllS.  To  meet  storage  requirements  over  the 
required  20  year  plus  shelf  life  and  under  a  wide  range  of  conditions  (-40° 
to  about  6S°C).  the  battery  is  a  reserve  system  that  is  inert  prior  to  use.  As 
such,  the  fluoboric  acid  electrolyte  is  stored  apart  from  the  cells  in  a  copper 
can  or  ampule. 

An  ordnance  battery  must  also  withstand  very  high  mechanical  stres.ses 
during  operation,  viz.  linear  accelerations  of  over  25,(XX)  g’s  (over  35,0(X) 
g's  in  rocket-assisted  projectiles)  and  spin  rates  over  300  rps. 

The  rugged  19-cell  assembly  (Figure  I)  is  fabricated  into  an  integral 
unit  by  the  thermal  lamination  of  a  series  of  steel-based,  electroplated,  bi¬ 
polar,  circular  plates,  alternately  stacked  with  separators  made  of  polyeth¬ 
ylene-coated,  highly  impervious  paper.  A  grooved  brass  plate  bonded 
between  the  ampule  and  cell  stack  assembly  works  in  conjunction  with  a 
series  of  holes  in  each  of  the  electrode  plates  and  acts  as  a  manifolding 
system  to  route  the  fluoboric  acid  electrolyte  into  the  cells  when  the  battery 
is  activated.  The  electrodes  utilize  lead  and  lead  dioxide  as  the  active  cell 
materials.  To  minimize  thickness  and  withstand  the  extreme  mechanical 
forces,  these  materials  are  electroplated  in  layers  about  0.025  mm  thick 
onto  a  nickel-flashed.  0.065-mm-thick  steel  base  stock  to  create  a  bipolar 
material. 

Since  the  batteries  are  built  into  the  fuzes  and  must  activate  automati¬ 
cally  at  gun  launch,  liquid  electrolyte  reserve  ordnance  batteries  incorpo¬ 
rate  a  unique  mechanism  within  the  ampule  that  automatically  pierces  the 
container  and  releases  the  liquid  at  projectile  launch.  This  mechanism  takes 
advantage  of  the  extreme  mechanical  forces  available  only  at  that  time,  a 
combination  of  linear  setback  and  angular  acceleration  forces.  Centrifugal 
force  generated  by  projectile  spin  then  moves  the  electrolyte  into  the  cells 
and  activates  the  battery  in  a  few  milliseconds. 

To  eliminate  the  intercell  electrolyte  short-circuit  that  persists  after  the 
electrolyte  is  distributed  throughout  the  series-connected  assembly,  the 
PSl  15  makes  use  of  an  immiscible,  non-conducting  organic  liquid  in  an 


extraordinary  fashion.  This  solvent,  methylene  bromide  (MeBrj,  specific 
gravity  =  2.497,  twice  that  of  the  electrolyte)  is  held  in  a  special  inner  can 
and  is  metered  out  through  small  holes  after  the  aqueous  electrolyte, 
quickly  displacing  the  conductive  electrolyte  from  the  common  distribu¬ 
tion  channel  and  eliminating  the  intercell  short.  To  retain  the  MeBr^,  the 
unsealed  inner  cartridge  contains  a  polypropylene  fiber  pad,  a  material  that 
is  wetted  by  oleagenous  substances  such  as  MeBr2,  but  not  by  aqueous 
solutions  such  as  the  fluoboric  acid  electrolyte.  Thus,  the  pad  absorbs  the 
MeBr2  like  a  sponge,  retaining  virtually  all  of  the  liquid,  even  after  decades 
of  storage. 

Since  initial  compatibility  studies  of  the  materials  comprising  the 
ampule  system  indicated  chemical  compatibility,  no  extraordinary  effort 
had  been  made  to  isolate  the  fluoboric  acid  electrolyte  from  the  MeBr2. 
Thus,  the  cartridge  holding  the  MeBr2  was  not  sealed  in  the  initial 
production  design,  but  included  small  holes  to  meter  out  the  MeBr2  after 
the  acid  electrolyte.  As  will  be  shown,  this  proved  to  be  a  critical  design 
flaw. 

The  Leakage  Mechanism  of  Early  Design  PSl  15  Power  Supplies 

The  degradation  problem  was  first  discovered  in  PS  1 1 5  battery  engi¬ 
neering  samples  in  1983.  It  was  seen  in  advanced  ca.ses  as  external 
destruction  of  the  molded  glass-filled  polycarbonate  battery  case  (Figure 
2).  When  samples  were  removed  from  M732  fuzes  and  returned  from  the 
field  during  a  followup  study,  researchers  quickly  learned  that  internal 
electrolyte  leakage  could  be  severe  enough  to  destroy  the  paper  separators 
without  being  evident  externally  (Figures  3  and  4).  The  separator  degrada¬ 
tion  permitted  elecuolyte  short  circuits  to  develop  down  the  outside  of  the 
stack  of  cells,  drastically  reducing  output  voltage,  and  thus  affecting  the 
electronic  operation.  Although  the  fuze  would  revert  to  the  backup  ground 
impact  mode  function,  there  would  be  a  loss  in  combat  effectiveness.  Only 
in  the  most  advanced  cases  did  it  appear  that  the  fuze  mechanism  itself 
would  be  attacked  to  the  degree  that  it  would  fail  to  function  at  all.  A  high- 
level  study  was  sponsored  by  the  Army  to  determine  the  extent  that  this  was 
also  occurring  within  fielded  M732  fuzes,  what  was  causing  it,  and  what 
could  be  done  to  mitigate  or  eliminate  the  problem  both  in  the  current 
stockpile  and  future  production. 
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Figure  1.  PSl  15  Reserve  Battery,  exploded  view  at  top;  assembled  at  bottom. 
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Because  the  initial  studies  had  not  shown  any  material  incompatibility, 
this  problem  came  somewhat  as  a  surprise  to  the  battery ‘s  developers  at  the 
Harry  Diamond  Laboratories  (HDL).*  The  pure  ETP  (Electrolytic  Tough 
Pitch)  copper  from  which  the  ampule  is  made  had  been  proven  to  be 
extremely  resistant  to  attack  from  the  fluoboric  acid  electrolyte.  Common 
chemistry  texts  indicated  no  direct  reaction,  and  this  conclusion  had 
seemingly  been  demonstrated  after  long-term,  high-temperature  storage 

*Niiw  iHirl  (if  the  U.S.  Anny  Reseunh  Lahdruwry. 


Figure  2.  Degradation  of  polycarbonate  case  by  leaking 
methylene  bromide. 


Figure  3.  View  of  good  battery  split  between  cell  stack 
and  sequencer. 


Figure  4.  View  of  leaking  battery  split  between  cell  stack 
and  sequencer.  Note  corrosion  on  electrode  plate 
and  destruction  of  separator. 


tests.  Consistently,  ampules  were  intact  even  after  accelerated-aging  tests 
at  7 1  °C  ( I60°F)  that  ostensibly  simulated  storage  well  beyond  the  20- year 
requirement. 

Investigators  found  that  leakage  took  place  through  pinholes  eaten 
through  the  0.076-mm-thick  frangible  copper  diaphragm.  In  fact,  exten¬ 
sive  pitting  was  discovered  in  the  interior  surface  of  the  copper  ampule 
where  it  was  wetted  by  the  acid  (Figure  5).  While  this  microscopic  pitting 
was  not  deep  enough  to  perforate  the  thicker  0.2S-mm-thick  walls  of  the 
cylindrical  ampule  cup  itself,  it  often  penetrated  the  much  thinner  dia¬ 
phragm.  (This  can  be  seen  in  Figures  6  and  7.)  Also  noted  was  a  white 
precipitate  of  an  in.soluble  copper  salt  coating  much  of  the  interior  of  the 
ampule. 

In  the  post-leakage  study,  it  was  ultimately  established  that  complex 
chemical  interaction  was  taking  place  between  the  acid  electrolyte,  the 
supposedly  inert  MeBr2  insulating  fluid,  and  the  copper  of  the  ampule. 
Where  the  liquid  reactants  are  in  contact  with  the  copper,  pitting  will  occur. 
Depending  on  storage  conditions,  perforation — and  thus  leakage— will 
often  occur  if  the  liquids  are  in  contact  with  the  thin  diaphragm.  This 
chemical  process  proceeds  until  the  partial  pressure  of  one  of  the  reaction 
products,  methane  gas,  reaches  about  6  atm.  If  this  is  prior  to  a  perforation, 
the  process  effectively  stops  and  the  ampule  remains  intact.  This  is  borne 
out  by  plots  of  cumulative  leakage  v.  time,  wherein  the  leakage  incidence 
approaches  a  limiting  level  (see  Figure  9).  The  corrosion  mechanism  is 
documented*  in  detail  and  is  discussed  in  the  next  section. 

Chemistry  of  Corrosion  Process 

Exposure  of  the  copper  comprising  the  ampule  and  diaphragm  to 
atmospheric  oxygen  inevitably  produces  some  oxidation  on  the  surface.  It 
was  well  known  that  this  thin  oxide  coating  reacts  readily  with  the  acid 
electrolyte. 

Cu20+2H+->2Cu++H20  (I) 

Cu0+2H+-»Cu+2+H20  (2) 

Despite  the  fact  that  copper  is  found  above  hydrogen  in  the  regular 
electromotive  series,  it  has  been  demonstrated  that  copper  will  nontheless 
react  with  a  non-oxidizing  acid^  such  as  HBF4.  This  will  liberate  hydrogen 
until  the  concentration  of  the  gas  is  such  that  the  potential  established  for 
equilibrium  (3)  is  equal  to  that  established  for  (4). 

H2*-»2H++2e-  (3) 

2Cu++2e-<->2Cu  (4) 

When  this  occurs,  the  EMF  disappears,  terminating  the  corrosion.  That 
is,  the  following  reaction. 

2Cu+2H+->2Cu++H2 ,  (5) 

proceeds  until  a  sufficient  hydrogen  partial  pressure  is  reached.  This 
supports  the  observation  that  copper  is  not  .seemingly  attacked  by  the 
fluoboric  acid  electrolyte  within  the  sealed  ampule,  unless  some  mecha¬ 
nism  occurs  to  remove  the  hydrogen  and/or  copper  ions. 


Diaphragm  Visible 
Through  Window  in 
Plate 


Figure  5.  Interior  view  of  ampule  showing  extensive  pitting  on  cutter 
blade  mounting  plate  and  diaphragm. 
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Figure  6.  View  of  diaphragm  showing  perforation. 

l  Aliuitions  I  1 1  tlitoujih  i.  In  aildition  to  the  kn('«  n  oi|itilihria  hetween 
iiictallie  eopper  and  eoppor  ioiiv. 

C'u ‘^Cii+-^:C  ti+  i6i 

dctcrtninc  the  Initial  eotieentrations  of  enproiiv  (Cti*)  and  eiiprie  lCu’-| 
ions  and  hsdrouen  in  the  aeidie  phase. 

The  availability  of  MeHts  leither  in  vaptir  or  luinid  phase  eonlaett 
pros  ides  a  means  to  rcninvc  hydrogen  Irinn  the  system,  i.e,.  the  ealaly/ed 
reditetion  ( hydrogenation i  ol  methylene  hromide  iti  an  aeid  medium  at  a 
melallie  surltice. 

CH:Br;+H:^C'H,',Br+llBt  |7) 

This  erilieal  reaetion  is  eonsidered  the  rate-eontrollittg  step  in  the 

eorrtisioti  proeess.  In  tiddilion  to  eonstantly  rennn  ittg  hy  drogen  formed  in 
eiitiatton  t.^l.  it  prodtiees  HBr.  a  prodttet  uhieh  will  reaet  with  and 
preeipitate  out  the  eopper  ions  lortned  in  that  reaetion. 

C'tf*-+HBr-<K+*CtiBr»  (fti 

Cu*-+2HBr-^ll'*'+('uBr2*  tUi 

Thus,  the  MeBr-.  hydrogenation  reaetion  1 7 1  removes  both  the  reaetion 
produels  produeed  in  I.Si.  eattsing  the  aeid  to  attaek  the  metallie  eopper 
atnpule  parts  as  long  as  the  loritier  reaetion  eontinues  to  eonsume  hydro¬ 
gen.  The  established  presenee  of  both  tnethyl  bromtde  (CH,Br)  and 
hromide  ions  ifrom  the  HBri  in  eorroded  ampules  is  strong  evidenee  that 
the  reaetion  shown  in  (7)  oeeurs. 

The  preseneeof  methane  I  CHj)  in  ampules  in  battery  samples  returned 
for  study  is  explained  by  a  seeond  hydrogen  ion-eoppereataly /ed  reaetion 
that  siieeeeds  the  proeess  in  ( 7l 

CHyBr+Hyl^C'HgT+HBr ,  t  llli 

whieh  prodtiees  methane  and  additional  bromide  ions.  It  is  the  latter 
produet  that  not  only  precipitates  out  eopper  ions,  but  further  depletes 
hy  drogen  and  thus  dri  v  es  reaetion  ( .“v  1  tow  ard  the  right,  eonsuming  metallie 
eopper  in  the  proeess. 

Preeipitates  of  both  chlorides  and  lluorides  of  eopper  are  also  formed, 
and  are  evpltiined  by  the  eo-presenee  of  both  cuprous  and  euprte  Ions, 
presetit  in  minute  amounts  in  the  aeid  electrolyte. 

What  is  of  eritieal  imporlanee  in  the  understanding  of  the  processes 
involved  in  ampule  perforation  is  the  role  played  by  the  gaseous  priKluet 
created  in  reaetion  I  ID  I.  methane.  It  is  the  increasing  partial  pressure  of  this 
gas  that  can  eventually  drive  the  reaetion  in  the  reverse  direction  and 
effeetively  bring  the  degradation  to  a  halt.  Thtis.  if  this  oeeurs  before  the 
ampule  is  perforated,  its  integrity  will,  most  likely,  never  be  eompioniised. 
and  the  battery  will  remain  fully  intact  anti  operational. 

The  Pitting  Mechanism 

One  thrust  of  the  study  was  tti  detertnine  the  cause  for  pitting,  i.e.. 
reaetion  sites,  rather  than  a  phenomenon  iti  whieh  the  attack  was 


Figure  7.  Magnification  of  Area  A  showing  pits  and  perforation. 


evenly  distributed  across  the  entire  wetted  interior  suifaee.  It  was  eventu- 
,illy  established  that  this  pitting  was  a  result  of  the  deposition  of  an 
insoluble  white  eopper  salt  preeipitate  on  the  wetted  surlaee.  Since  the 
preeipitate  teinled  to  create  a  protective  coating  on  the  wetted  coppei  as  the 
reaetitm  proceeded,  it  progressively  restricted  the  metal  surface  available 
for  reaction.  This  eontiniied  until  the  active  area  wits  reduced  to  a  number 
of  extremely  small  sites  that  had  to  bear  the  brunt  of  the  attack.  If 
equilibrium  was  uaehed  before  the  eopper  was  perforated,  the  ampule 
would  remain  intact:  if  not.  we  hail  a  "le.iker,'’ 

Why  this  Phenomenon  was  Missed  During  Battery  Development 

flearly.  M7.f;  fti/cs  stored  lor  years  at  ambient  conditions  were 
developing  leaks  in  the  batteries  Vet.  no  such  leakage  was  observed  in 
samples  of  ampules  stored  in  7 1  C  i  IbO  b  i  compatibility  sttidies  tinting 
the  battery  development  program.  .An  important  part  of  this  investigation 
was  to  determine  the  cause  of  this  significant  disparity . 

Reaction  rate  theory  dictates  that  a  chemical  process  proceeds  more 
quickly  and  equilibrium  is  reached  soonervv  iih  increasing  temperature.  By 
assuming  that  reaetion  rates  double  with  every  ID  C  rise  in  temperature, 
one  can  simulate  lb  years  (l‘)2  monlhsi  of  storage  at  20  C  ambient 
temperature  in  only  about  three  months  by  raising  the  storage  env  irotmient 
to  <SD  C.  i.e.  an  increase  of  ()D  t'  above  ambient.  .Since  the  temperalure- 
reaetion  rate  factor  here  is  normally  somew  hat  higher  than  2.0  (established 
in  extensive  storage  tests  of  newly  manufaetured  ampules i.  one  year  ol 
storage  at  b()  C  is  inntnally  considered  equivalent  to  2D  years  in  the 
stockpile  at  atnbient  temperature  l  slightly  less  than  2D  Ci.  An  Arrhenius 
plot  of  the  storage  data  i  extrapolated  to  ambient  temperature  i  is  shown  in 
Tigure  8.  This  nitrmoUy  allows  produe'  researchers  to  predict  extended 
storage  capabilities  in  reasonabf  V'velopment  time-frames. 

In  fact,  the  normal  lemperature-reaetion  rate  relationship  is  home  out 
by  plots  of  cumulative  ampule  leakage  v.  time  data  at  various  lixed 
temperatures,  w  here  the  onset  of  leakage  occurs  earlier  ( and  the  maximum 
leakage  incidence  is  greaterl  as  the  temperature  is  increased  In  the  special 
study,  large  groups  of  samples  were  stored  in  env  ironmental  conditioning 
ovens  at  various  tempertil tires.  .As  expected,  ampule  diaphragm  eotrosion 
pitting,  with  the  accompanying  leakage,  was  observed  in  a  portion  of  the 
samples.  .As fully  predicted,  fortemperatures uptoaboutbO  Ci  140  l  i.the 
onset  of  this  leakage  occurred  sooner  as  the  storage  tetiiperature  increased 
(see  Tigure  vj,  a  simplified  representation  of  the  phenotnenonl.  More 
details  of  this  conditioning  study  were  published  in  another  Hl)l.  report  /* 

Most  extraordinary,  however,  w  as  that  the  percentage  of  ampule'  that 
leaked  began  to  decrease  sharply  with  increasing  temperature  above  about 
b()  C  ( 140  Hi.  In  fact,  the  rate  dropped  to  zero  at  at  about  71  C  I  IbO  Ti 
When  ampules  were  stored  above  this  threshold  temperature,  the  leakage 
phenomenon  disappeared  altogether.  None  of  the  leakage  that  occurred  at 
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Figure  8.  Arrhenius  plot  of  storage  data. 


lower  temperatures  was  evident.  Chemical  tests  indicated  that  the  same 
reactions  had  taken  place,  but  the  physical  results  were  significantly 
different. 

Examination  of  the  inside  surfaces  of  the  ampule  can  and  diaphragm 
of  samples  stored  above  the  threshold  temperature  showed  that  the  surface 
of  the  copper  was  subtly  changed  to  a  matte-like  appearance  with  no 
pitting.  This  clearly  indicated  that  achemical  reaction  involving  the  copper 
had  still  occurred,  but  the  reaction  was  now  evenly  distributed  acro.ss  the 
entire  wetted  surface,  and  not  confined  to  very  localized  areas  so  as  to  cause 
pitting.  It  was  evident  that  the  process  that  cau.sed  pitting  and  perforation 
no  longer  acted  at  71°C.  It  was  eventually  established  that  above  about 
60°C  ( 1 40‘’F).  increased  solubility  of  the  copper  precipitates  prevented  the 
formation  of  the  masking  protective  coating  and  eliminated  the  unique 
mechanism  that  caused  the  pitting.  Although  unknown  during  the  develop¬ 
ment  period,  it  was  now  evident  that  the  original  storage  compatibility  tests 
of  the  ampules  at  71°C  were  invalid  since  the  higher  temperature  did  not 
merely  accelerate  the  effect  of  storage,  it  altered  the  internal  processes  and 
eliminated  the  very  cause  of  the  leakage. 

Solutions  to  the  Ampule  Leakage  Problem 

The  inve.-itigation  produced  several  ways  of  dealing  with  the  problem, 
depending  on  whether  we  were  dealing  with  batteries  yet  to  be  produced, 
batteries  that  had  yet  to  be  built  into  fuzes,  or  the  existing  M732  fuze 
stockpile. 

Batteries  Yet  to  be  Produced 

For  batteries  produced  after  the  cause  of  the  problem  had  been 
identified,  the  ampule  was  redesigned  to  eliminate  all  contact  between  the 


tluoboric  acid  electrolyte  and  the  methylene  bromide  insulating  liquid.  The 
"bromide”  capsule  was  modified  so  xs  to  be  a  completely  sealed  container 
within  the  larger  acid  ampule.  Thin  copper  diaphragm  panels  that  would  be 
tom  open  during  gun  launch  by  a  second  set  of  internal  cutter  blades  were 
added  to  the  capsule. 

Saving  the  Existing  Battery  Inventory,  the  “Bakeout”  Pit^ram 

During  the  research  program,  it  quickly  became  evident  that  the 
reaction  products  did  not  affect  battery  performance,  and  that  ampules 
could  be  “heat  treated”  to  reduce  the  potential  for  leakage.  By  merely 
raising  the  temperature  of  the  ampules  to  the  critical  threshold  level, 
74‘’C±.3°,  and  storing  them  at  this  level  for  three  days,  the  reaction  could 
be  driven  to  equilibrium,  i.e.,  to  stability,  without  the  formation  of  pits. 
While  this  new  insight  could  not  salvage  any  PS  1 1 5  batteries  already  built 
into  fuzes,  it  could  be  used  to  preserve  battery  inventory  that  was  in  the 
"pipeline"  after  the  fuze  production  lines  were  shut  down  following 
discovery  of  the  problem.  Consequently,  the  Army  fui.ded  a  program  to 
save  this  quantity  of  approximately  500.000  batteries  by  “baking”  them  in 
a  controlled  process. 

Preserving  the  Existing  Fuze  Stockpile 

Further,  a  partial  solution  was  developed  to  halt  the  continuing  degra¬ 
dation  of  the  exi.sting  stockpile.  The  ampule  study  included  tests  which 
demon.strated  that  the  incidence  of  battery  leakage  was  a  maximum  when 
the  diaphragm  was  down  and  fully  wetted,  less  when  the  ampule  was  on  its 
side  and  the  wetted  area  reduced,  and  virtually  non-existent  when  the 
diaphragm  was  at  the  top  and  thus  untouched  by  the  liquid.  Since  the  fuze 
inventory  was  largely  stored  pointing  nose  upward,  with  the  battery 
ampule  diaphragms  wetted,  it  was  clear  that  the  degradation  could  be 
arrested  by  inverting  the  fuzes.  Acting  on  recommendations  of  the  techni¬ 
cal  staff  at  HDL.  the  U.S.  Army  directed  that  the  entire  inventory  of  VI7.32 
fuzes  throughout  the  entire  world  be  positioned  nose  downward. 

M732  Fuze  Stockpile  Surveillance  Program 

Unfortunately,  the  inversion  operation  only  served  to  help  prevent 
further  degradation:  batteries  which  had  already  leaked  could  not  be  saved. 
Under  the  direction  of  the  Army,  a  surveillance  of  the  fuze  stockpile  was 
begun  to  .statistically  assess  the  real  condition  of  the  fuze  batteries  at 
various  locations  on  a  lot-by-lot  basis.  It  was  planned  that  through  this 
program,  the  Army  would  be  able  to  determine  which  assets  should  be 
disposed,  which  could  be  accepted  as  is,  and  which  should  be  completely 
.screened  by  some  non-de.structive  lest  method,  e.g..  X-rays,  to  .screen  out 
fuzes  with  leaking  power  supplies. 

The  study  to  date  has  demonstrated  that  storage  environments  in  the 
many  locations,  including  depots  and  ammunition  supply  points  in  the 
continental  United  Slates,  the  Middle  East,  Europe,  and  the  Republic  of 
Korea,  have  differed  significantly  from  nominal  parameters  that  had  been 
used  for  the  original  estimates  of  nominal  stockpile  condition.  It  is  clear 
that  these  variations  have  significantly  affected  the  condition  of  the 
stockpile  at  different  locations  and  with  different  histories.  It  has  been 
learned,  for  example,  that  fuzes  stored  in  desert  environments  with  mini¬ 
mal  insulative  storage  were  in  significantly  worse  condition  than  those 
retained  in  magazines  with  adequate  earth  cover,  where  the  temperature 
was  consistent  and  fairly  cool.  In  the  latter  case,  older  fuzes  are  in 
significantly  better  condition,  and  most  newer  fuze  lots  are  in  perfect 
condition.  Samples  are  currently  being  taken  from  sites  around  the  world. 
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Intwhititeo 

The  silver-zfnc  (Ag-Zn)  battefy  eyetem  has  been  uniquely 
efficient  to  safsV  satisfy  pcNwr  demand  applications  with 
low  mass  and  volume.  However,  a  new  generation  of  defense, 
aerospace  and  commerdaf  appHcatfons  win  impose  even 
higher  power  demands.  These  new  power  demands  can  be 
poterrttally  satMtod  by  the  development  of  a  bl-polar  battery 
design. 

Appfl<?frttenf 

Boctromechanical  Actuators 

Electromechanical  actuators  (EMA's)  for  space  launch 
boosters  for  use  by  DOO,  NASA,  and  commercial  space 
programs  are  potcHitial  application  for  this  high  power  battery 
system. 

EMA's  could  replace  hydraulic  actuators  which  are  often 
costly  for  procurernent,  maintenance  and  operabHIty.  They 
have  often  caused  launch  delays.  Recent  advances  in 
electrical  components,  motors  and  power  processing  make 
high  power  EMA's  a  p^ical  alternative  which  could  reduce 
cost  for  hardware  and  launch  operations. 

Silver-zinc  is  corrsidered  most  practical  for  high  power 
capability  with  good  voltage  response  control  and  excellent 
energy  density.  Bi-poiar  design  could  extend  the  silver-zinc 
advantage  for  this  application  where  load  varies  from  40  to  400 
amperes  and  voltage  control  of  1 15%  is  desired. 

For  example,  standard  secondary  (rechargeable)  silver-zinc 
design  for  h^h  power,  270  volt  EMA's  has  been  estimated  at 
over  620  lbs.  EPs  previous  research  on  bi-polar  design 
projects  a  weight  estimate  of  196  lbs. 


MedfcMDestces 

Another  potential  application  Is  in  the  emerging 
technologies  ofthe  medical  community.  Battery  operated 
hand  tools  and  portable  instruments  provide  advantage  of  no 
power  cord  arxi  use  on  remote  sites.  This  application  is  the 
result  of  recent  advances  in  miniature  baishless  dc  motor 
technology.  This  motor  type  has  several  advantages  over  AC 
induction  motors,  nduding  high  efficiency  and  linear  speed 
control. 

This  application  is  at  opposite  end  of  energy  spectrum 
from  EMA'^  requiring  very  small  batteries.  Howem,  it  is 
similar  to  EMA's  with  relatively  high  power  output  for  size  and 
weight  and  also  requiring  high  energy  density  and  dose 
voltage  control.  This  field  is  wide  open  to  advantages  of  bi¬ 
polar  design. 


ftilumlMni 

Ag-Zn  batteries  have  been  unique  for  many  years  in  their 
abfifiy  to  safely  satMy  high  power  demands  with  low  mass  and 
volume  and  with  good  voltage  control. 


Typical  applications  irx:tude: 

1.  Remote-activated  for  missile  systems  and  military 
appiicatlons. 

2.  Rechargeable  for  space  missions  and  high  energy 
efficiency  requirements. 

Bi-pdar  design  can  improve  on  standard  system  by 
redudng  the  v«ight  and  volume  of  the  individual  cell.  This 
design  concept  also  increases  the  voltage  output  thereby 
reducing  the  number  of  cells  required.  Some  of  the  factors 
involved  are: 

1.  Reduced  Weight  and  Vdume: 

A.  Elimination  of  the  plastic  cell  container 

B.  Elimination  of  plate  leads  and  intercell  connector 

C.  Elimination  of  interral  plate  current  collector. 

2.  Increased  Voltage 

A.  Eliminate  resistance  of  current  collector 

B.  Eliminate  resistance  of  plate  lead 

C.  Eliminate  resistance  of  intercell  connector 

Additionally,  the  components  of  a  bi-pdar  design  lend 
themselves  to  a '^stackirig"  assembly  operation.  This  provides 
pdential  for  an  automated,  high  vdume  production  line  which 
would  Icwer  manufacturing  labor  cost. 


ProMemAiaas 

EPI  worirad  previously  (1974-75)  on  development  d  a 
secondary  d-p^r  silver-zinc  battery.  This  development 
demonstrated  the  electrical  capability  d  the  system  and 
manufacturing  techniques. 

One  difficulty  with  this  development  was  mechanical 
problems  with  the  seals.  However,  rocent  improvements  in 
plastics  and  adhesives  should  eliminate  the  major  problem 
d  maintaining  a  seal  around  the  periphery  d  the  bi-pdar 
module.  The  seal  problem  is  nd  as  significant  for  a  primary 
battery  application  or  for  a  requiremerrt  for  only  a  few  discharge 
cycles. 

A  secoTKl  difficulty  encountered  was  with  activation 
(introducing  electrolyte  into  the  cell)  and  with  venting  gas  from 
the  cell  without  loss  d  electrolyte. 

The  d-pdar  design  presents  some  unique  problem  areas 
due  to  its  unusually  thin  cell  thickness  and  construction 
requirements.  These  concerns  are  detailed  as  fdlcws; 

Activation.  Entrapped  gas  bubbles  are  difficutt  to  remove. 
Thorough  wetting  requires  pulling  vacuum  several 
times. 

Initial  Charging  arKi  Conditioning:  Evdutkm  d  gas  from 
charge  becomes  entrapped  causing  high  charge  vdtage  by 
irrcrease  in  internal  resistance.  A  few  charge/dischatge  cy^ 
are  required  to  realize  optimum  efficiency. 
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Loss  of  Seal:  Construction  defects  are  difficult  to  test  for. 
Seal  breakdown  may  occur  due  to  substrate  corrosion  from 
charge/disctiarge  conditioning  or  cycling.  Electrolyte  leakage 
from  more  than  one  cell  in  stack  can  cause  high  resistance 
external  discharge  which  reduces  stand  capability. 

Vent  System:  Improved  vent  system  is  recommerKled  to 
provide  removal  of  entrapped  gas. 


Daslon  Concert 

In  this  design  concept  the  power  consuming,  inter¬ 
electrode,  current  conductors  are  eliminated  while  the  current 
is  then  conducted  via  the  large  cross  section,  electrode 
suljstrate  Negative  and  positive  active  materials  are  applied 
to  opposite  sides  of  a  solid  silver  foil  substrate. 

The  relationship  of  components  for  the  silver-zinc  bi-polar  is 
shown  in  Figure  1  below.  The  design  shown  represents 
materials  utilized  in  the  previously  mentioned  development 
effort.  CXir  current  program  is  evaluating  additional  new 
materials. 


Figure  2.  Bi-polar  ^ectrode 


Figure  1 .  Relationship  of  components 


The  bi-polar  electrode  is  further  detailed  in  Figure  2.  The 
positive  side  consists  of  sintered  porous  silver.  The  negative 
side  consists  of  a  vacuum  deposited  zinc  bottom  layer  and  a 
sprayed  zinc  oxide  top  layer.  The  substrate  (or  intercell 
connector)  is  silver  foil  with  an  electrochemical  etch. 

The  seal  (or  cell  frame)  consists  of  porous  Teflon  with 
assembly  accomplished  using  a  two-part  epoxy  adhesive.  The 
separator  system  utilizes  two  absorb^  types,  Webril  and 
Viskon,  and  a  barrier  type  of  cellophane. 


The  bi-polar  cells  are  assembled  into  a  ten  cell  stack  or 
module  which  Is  shown  in  Figure  3.  The  reservoirs  on  each 
side  of  the  module  are  Initially  filled  with  electrolyte  for 
activation.  Activation  is  accomplished  by  pulling  an  external 
vacuum  which  evacuates  air  from  each  cell  through  the 
fill  /  vent  tubes.  After  release  of  vacuum  and  cell  filling,  then 
these  tubes  also  provide  for  venting  cf  gas  or  excess 
electroIVte  into  the  resenroite. 


Figure  3.  Ten-celt  bi-polar  module 
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VOLTAGE 


test  DATA 


A  portion  of  the  test  data  generated  during  the  previous 
developrnent  eltort  is  provided  herein  In  Figures  6,  7  and  8. 
Figure  6  shows  ceil  vottage  versus  time  at  four  dUferent  current 
densities.  Figure  7  shorn  cycle  life  as  a  function  of  depth  of 
cNschatge.  Figure  8  shows  cell  voltage  at  5, 15  and  30 
seconds  during  the  cycle  life  of  the  ceil.  Note  that  voltage 
corMnuee  to  improve  throughotrt  the  cycle  life  until  capacity 
degradation  becomes  a  fector  alter  about  40  cycles. 


20  40  60  80  lOO  140  180  220 
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Figured  Celi  voltage  versus  discharge  time 


Figure  6.  Cell  voltage  versus  cycle  life 

1.5  amps/ini.  25%  depth  of  discharge 


SYSTEM  WEIGHT  AND  VOLUME  PROJECHQM8 

During  previous  work,  the  foilcNving  projections  for  energy 
density  were  made  from  test  data  for  a  high  power  system 
which  demonstrated  in  excess  of  50  dischargefoharge  cycles. 

Projected  system  power  -  100  kilowatts 
Discharge  time  -  30  secorxls 
Discharge  current  density  =  1.75  amps/in^ 

System  Weight  =  86  lbs  (9.7  WHrtb) 

System  Volume  =  1071  in^  (.78  WH/in^) 


CURRENT  PWOOWAM  OPALS 

EPI  is  currently  working  on  a  development  pro(F»n  to 
produce  a  bi-polar  silver-zinc  battery  design  for  Ni^A.  The 
potential  application  would  be  to  power  electromechanical 
actuators  for  space  launch  vehicles. 


Base  Load 
Steady  High  Load 
Peak  High  Load 
System  Voltage 


40  amps 
200  amps 
400  amps 
270volts 


Peak  High  Watts 
Avg.  Load 
Discharge  Time 
Capacity 


106  kilcwatts 
53.3  amps 
10  minutes 
8.89  amp-hours 


Figure  5.  Cycle  life  Vi.:  mjs  depth  of  discharge 
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The  lithium  polymer  battery  is  presently  under 
development  in  various  academic,  governement  and 
industrial  laboratories  throughout  the  world.  The  question, 
however,  which  still  remains  to  be  solved  is  whether  this 
battery  has  effectively  reached  the  state  of  passing  from  a 
promising  electrochemical  technology  to  a  competitive 
commercial  reality.  An  analysis  of  the  electrolde  and 
electrolyte  materials  most  commonly  used  for  the 
production  of  lithium  polymer  batteries  would  suggest  that 
key  aspects  which  still  require  particular  attention  are  the 
phenomena  at  the  electrode  interfaces.  In  this  review 
these  aspects  are  discussed  and  the  lines  of  research 
which  are  currently  in  progress  in  our  laboratory  to 
contribute  to  their  understanding  and,  hopefully,  to  their 
solution,  are  illustrated. 

Introduction 

In  the  late  seventies  Michel  Armand^  proposed  the 
use  of  polymer  or  polymer-like  materials  for  the  fabrication 
of  thin-film,  rechargeable  lithium  batteries,  and  this  idea 
has  gained  increasing  popularity  and  attention.  Over  the 
last  decade  several  academic,  governement  and  industrial 
laboratories  have  been  engaged  in  the  development  of  this 
fascinating  battery  concept.  Many  important  results  have 
been  obtained  and  the  lithium  polymer  battery  (LPB)  has 
progressed  from  laboratory  scale  to  the  fabrication  of 
prototype  systems  with  a  rate  which  is  without  precedent  in 
the  history  of  the  development  of  advanced  batteries. 

Today,  the  United  States,  Japan  and  ine  European 
Community  are  investing  heavily  for  developing 
technology  for  the  large  scale  production  of  LPBs  with  the 
final  aim  of  winning  the  race  for  the  production  of  an 
advanced  electrochemical  source  suitable  for  powering 
electric  vehicles  and  consumer  electronic  devices.  The 
important  question,  however,  which  still  remains  to  be 
answered  is  whether  the  progress  in  the  field  of  LPBs  has 
reached  a  level  such  that  all  the  related  challenging 
technological  goals  have  been  met  and,  therefore  whether 
these  batteries  have  indeed  passed  from  being  a 
promising  electrochemical  technology  to  a  competitive 
commercial  reality.  Reliability,  durability,  safety  and  cost 
are  the  main  requirements  which  have  to  be  realized.  An 
analysis  of  the  electrode  and  the  electrolyte  materials  most 
commonly  used  for  the  production  of  LPBs  would  suggest 
that  the  key  aspects  to  which  detailed  attention  should  be 
addressed  are  the  phenomena  at  the  interfaces.  Data 
reported  by  various  laboratories  clearly  demonstrate  that 
the  lithium  electrode  interface  is  inevitably  affected  by 
passivation  phenomena  which  may  influence  the 
cyclability  and  the  reliability  of  the  battery.  Chemical  and 
electrochemical  reactions  may  also  occur  at  the  other, 
postive  (intercalation  electrode)  interface  which  will  also 
affect  the  capacity  and  the  discharge  efficiency  of  the 
battery.  In  this  work  we  will  attempt  to  illustrate  and  discuss 
these  problems,  and  review  the  lines  of  research  which 


are  currently  in  progress  in  our  laboratory  to  contribute  to 
their  understanding  and,  hopefully,  to  their  solution. 

LPB  concept  and  features 

The  basic  staicture  of  LPBs  is  well  known:  in  its  most 
common  form  it  combines  a  lithium  ion  conducting  polymer 
membrane  with  two  lithium  reversible  electrodes,  namely, 
a  lithium  metal  foil  anode  and  a  cathode  based  on  a 
reversible  intercalation  compound  (e.g.  VeOis  ,  TiS2  or 
LiM02  ,M=  Co,  Ni).  The  latter  is  blended  with  the  polymer 
elecrolyte  and  carbon  to  form  a  plastic  composite  which  is 
backed  by  a  metal  foil  current  collector.  LPB  prototypes 
are  formed  by  a  simple  lamination  of  the  three 
components  to  obtain  thin-layer,  flexible  structures  which 
in  principle  may  be  fabricated  in  any  desired  shape  and 
form.  Such  a  straighforward  and  versatile  fabrication 
procedure,  combined  with  the  high  energy  content  of  the 
electrodic  system,  are  the  major  key  features  of  LPBs.  In 
fact,  the  scaling-up  of  the  LPB  production  can  be 
conveniently  achieved  by  adapting  existing  winding 
machines  routinely  used  in  the  capacitor  industry  for  the 
lamination  of  the  components  in  various  battery  designs. 
Thus  one  can  envision  the  appealing  possibility  of 
obtaining  solid-state  batteries  which  are  produced  in  any 
form  to  be  placed  in  any  available  empty  space  of  a 
specific  portable  electronic  device  or  automobile  body. 
Indeed,  LPBs  can  presently  be  readily  prepared  in  flat, 
thin  design  for  powering  'smart'  credit  cards,  in  prismatic 
packaging  for  powering  portable  computers,  in  'C'-cell 
configurations  for  powering  consumer  electronic  devices 
and  in  high-capacity  cyindrical,  spiral  assembly  or 
prismatic  stack  modules  for  electric  vehicle  applications^- 
Such  unique  configurations  promises  highly  efficient 
packing,  and  thus  quite  high  energy  densities  may  be 
anticipated  for  LPBs.  Indeed,  direct  tests  on  practical 
prototypes  confirm  that  LPBs  may  offer  energy  densities 
consistently  higher  than  lead-acid  and  nickel-cadmium 
batteries3. 


The  key  LPB  component:  the  electrolyte 

The  success  of  LPBs  is  directly  linked  to  the 
availability  of  a  satisfactory  electrolyte,  namely  of  a 
membrane  which  combines  high  ionic  conductivity  with 
flexibility,  extended  temperature  range  of  operation,  wide 
electrochemical  stability,  lithium  transport  number 
approaching  unity  and  compatibility  with  the  electrode 
materials.  In  the  inital  stage  of  development,  membranes 
formed  by  complexing  lithium  salts  with  poly(ethylene 
oxide)  PEO,  have  been  widely  used^.  However,  these 
first  generation  polymer  elecrolytes,  although  of  great 
importance  and  continuing  interest,  suffer  by  a 
temperature-dependent  conductivity  which  assumes 
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practically  acceptable  values  (i.e.  of  the  order  of  10*3 
S  cm'"' )  only  around  100°c5.  An  electrolyte  requiring  high 
temperatures  to  achieve  suitable  ionic  conductivities 
clearly  limits  the  application  range  of  the  battery,  and 
many  alternative  routes  are  presently  being  pursu^  with 
the  goal  of  obtaining  mechanically  stable  polymer 
membranes  having  high  ionic  conductivity  at  and  below 
room  temperature.  The  basic  structure  of  the  first 
generation,  PEO-based  electrolytes  and  the  type  of  their 
transport  mechanism  (which  requires  high  polymer  chain 
flexibility  to  allow  fast  lithium  ion  transporH>S  )  exclude  the 
possibility  of  combining  the  two  desired  properties 
whatever  changes  are  made  in  the  nature  of  the 
components  and  in  their  reciprocal  compositions. 
Therefore,  this  class  of  electrolyte  cannot  provide  high 
ionic  transport  at  temperatures  much  below  100  ‘’C. 
Consequently,  alternative  structures  and  configurations 
have  been  considered  for  the  development  of  'new 
generation'  ionically  conducting  membranes.  Generally, 
the  most  successful  concept  has  been  that  of  trapping 
liquid  solutions  into  polymer  cages  with  an  immobilization 
procedure  which  varies  from  case  to  case  and  whch 
includes  UV  crosslinking,  and  gelification  and  casting. 
The  transport  characteristics  of  these  "wef  polymer 
electrolytes  which  have  been  termed  as  ‘gel 
electrolytes'®,  ‘hybrid  electrolytes'^  or,  more  recently 
'gelionics'®'  are  reported  in  detail  in  another  paper  of 
this  Conference®.  Here  it  will  be  only  remarked  that  these 
new  membranes  have  conductivities  of  the  order  of 
10*3S  cm’l  at  room  temperature,  an  electrochemical 
stability  window  exceeding  4.5V,  and  a  lithium  ion 
transference  number  averaging  around  0.6.  Therefore, 
one  may  conclude  that  in  terms  of  transport 
characteristics,  progress  has  been  outstanding  and  that 
today  a  large  variety  of  ionically  conducting  membranes 
are  available  for  use  as  separators  in  low-resistance,  thin- 
layer  lithium  batteries.  As  an  example.  Figure  1  illustrates 
the  room  temperature  discharge  curves  of  a  LPB  using  a 
new  generation  electrolyte  obtained  by  immobilizing  a 
propylene  carbonate-ethylene  carbonate,  PC-EC,  solution 
of  LiAsFs  in  a  poly(acrylonifrile)  PAN  matrix. 


FIGURE  1  -Discharge  performance  of  a  Li  /  LiAsFe-EC- 
PC-PAN/  LiCo02  battery  cycled  at  room  temperature  and 
at  0.25  mAcm‘2,  The  number  of  cycles  is  indicated  in  the 
figure.  The  molar  composition  of  the  electrolyte  is;  4.7- 
44.3-39-12. 


The  problem  of  the  interfaces 

Figure  1  shows  that  the  performance  of  the  LPB 
tends  to  decay  upon  cycling  since  a  high  fraction  of  the 
theoretical  capacity  is  delivered  only  at  the  initial  cycles 
after  which  a  consistent  decline  in  capacity  occurs.  The 
phenomenum,  although  at  different  extents,  is  quite 
common  to  ail  LPBs  and  it  is  still  one  of  the  major  problems 
which  affect  their  development.  Kinetic  limitations,  quite 
likely  related  to  degradation  at  the  electrode  interfaces 
resuKing  from  the  repeated  plating-stripping  cycles  at  the 
lithium  metal  anode  and  the  repeated  insertion- 
deinsertion  cycles  at  the  composite  cathode,  may  be 
responsible  for  the  effect.  This  conclusion,  which  is 
supported  by  impedance  analysis'*®,  suggests  that  the 
cycling  performance  of  LPBs  may  be  improved  by  following 
two  main  strategies:  (i)  by  the  optimization  of  the  electrolyte 
configuration  and  nature,  with  the  aim  of  reducing  the 
lithium  passivation  phenomena  and  (ii)  by  optimization  of 
the  cathode  morphology  and  compositon,  with  the  aim  of 
improving  homogeneity  among  the  components.  While  the 
latter  condition  may  be  successfully  accomplished  by 
reducing  the  particle  size  of  the  intercalation  compound,  by 
determining  its  most  suitable  concentration  and  by  the 
realization  of  optimized  mixing  techniques,  considerable 
difficulties  are  still  encountered  in  controlling  the 
response  of  the  lithium  electrode;  presently  the  anode- 
electrolyte  interface  problem  constitutes  the  major 
drawback  of  LPBs. 

The  lithium  metal  electrode 

Low  internal  resistance  and  high  energy  density, 
although  important  properties,  are  not  sufficient  to  make  a 
battery  successful  in  practical  terms.  Also  reliability  and 
safety  are  crucial  requirements.  The  latter  are  directly 
related  to  the  stability  of  the  lithium  interface,  which  in  turn 
is  a  direct  consequence  of  the  interactions  of  metal  with 
the  electrolyte.  Results  obtained  in  our'* '*.''2  and  in  other"*® 
laboratories  have  clearly  demonstrated  that  the  lithium 
electrode  undergoes  serious  passivation  when  in  contact 
with  the  new  generation,  'wet'  polymer  electrolytes.  This  is 
not  surprising  since  these  gels  contain  materials  (such  as 
PC)  which  are  very  aggressive  towards  lithium.  As  well 
known,  uncontrolled  passivation  phenomena  affect  the 
cyclability  of  the  lithium  electrode  -  and  thus,  of  the  entire 
LPB-  and  may  eventually  lead  to  a  serious  safety  hazard. 

Therefore,  it  appears  of  paramount  importance  to 
fully  control  chemical  and  electrochemical  reactions  at  the 
interface,  and  this  requires  a  clear  understanding  of  the 
nature  and  the  morphology  of  the  passivation  film  growing 
on  the  lithium  electrode  when  in  contact  with  a  given 
electrolyte.  With  the  aim  of  achieving  this  important  goal, 
we  have  investigated  the  impedance  response  of  the 
lithium  electrode  in  contact  with  a  typical  example  of  the 
new  generation  electrolytes,  namely  a  LiCI04-EC-PC-PAN 
membrane,  and  used  the  results  to  develop  a  model  of  the 
interface.  According  to  this  model  which  is  illustrated  in 
Figure  2,  upon  initial  contact  with  the  electrolyte  lithium 
experiences  an  initial  passivation  reaction  with  the 
formation  of  a  compact  layer  which  grows  directly  on  the 
metal  surface  (or  on  a  native  film).  On  prolonged  contact 
time,  the  passivation  phenomena  give  rise  to  an  additional, 
porous  layer,  whose  nature  and  morphology  probably 
depend  upon  the  type  of  solvent,  the  type  and  amount  of 
impurities  and  upon  other  unpredictable  causes  (e.g.  direct 
reaction  with  the  host  polymer  and  physical  separation  of 
the  anode  from  the  gel  electrolyte).  As  long  as  this 
additional  layer  remains  porous,  the  rise  in  the  interfacial 
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A. 


1)  native  and  Initial  compact  layer 


2)  additional  porous  layer 


3)  final  compact  layer 


FIGURE  2-  Model  of  the  passivation  occuring  at  the  lithium 
electrode-PAN-based  electrolyte  interface. 


resistance  is  not  greatly  reduced:  however,  with  extended 
contact  time,  the  layer  becomes  progressively  denser  to 
finally  collapse  on  the  electrode  interface,  with  a 
consequent  sharp  rise  in  the  interfacial  resistance. 
Therefore,  the  model  of  Figure  2  suggests  that  is  the 
second  thick  layer  the  one  which  mostly  affects  the  lithium 
electrode  perfom.ance  and  hence,  that  studies  should  be 
directed  to  inhibit  its  formation  and  growth.  One  approach 
in  this  direction  is  the  selection  of  electrolytes  based  on 
components  which  are  expected  to  be  the  less  aggressive 
towards  the  lithium  metal.  A  second  approach  is  the 
addition  to  the  electrolyte  of  materials  which  may  act  as 
impurity-getters,  namely  of  substances  capable  of  trapping 
the  impurities  so  preventing  their  flow  to  the  interface. 
Ceramic  fillers,  like  y-lithium  alluminate  or  zeolites,  are 
expected  16  to  satisfactorily  fulfill  this  action.  These 
expectations  are  confirmed  by  practical  results,  and  in  fact 
addition  of  zeolites  to  the  PAN  EC/PC  LiCI04  electrolyte 
considerably  alleviates  the  passivation  of  the  lithium 
electrode  as  shown  in  Figure  3  which  compares  the  trend 
of  the  interfacial  resistance  of  a  Li  electrode  in  contact  with 
the  base  electrolyte  and  with  the  electrolyte  with  added 
zeolite. 

The  beneficial  effect  of  the  ceramic  fillers  on  the 
response  of  the  interface  is  further  confirmed  by  the 
induced  improvements  in  the  lithium  cycling  efficiency 
which  increases  from  72  %  in  plain  PAN,  EC/PC  LiCI04 
electrolyte  to  a  value  of  85%  for  a  cell  using  a  composite 
{PAN  EC/PC  LiCIO4+10  weight  percent  zeolites) 
electrolyte.  Further  improvements  can  also  be  obtained 
when  substituting  poly(acrylonitrile)  with  poly  (methyl 
methacrylate)  as  the  polymer  component^.  However, 
although  encouraging,  these  improvements  are  still  not 


sufficient  for  practical  purposes.  In  fact,  for  assuring 
acceptable  applicability,  the  efficiency  should  fall  between 
97  and  99%  and,  at  the  present  stage  of  knowledge,  it  is 
difficult  to  foresee  that  such  efficiency  values  can  be 
achieved  in  the  case  of  PAN-based  lithium  cells. 


PMigd 

ctodreiyiB 


Time ,  hours 


FIGURE  3  -Time  evolution  of  the  interfacial  resistance,  Ri, 
of  the  lithium  electrode  in  base  electrolyte  (-o--)  and  in 
zeolite-added  (-e")LiCI04-EC-PC-PAN  electrolyte 
(Room  temperature). 

In  conclusion,  concern  should  be  taken  when 
proposing  new  electrolytes  for  applications  in 
electrochemical  devices.  If  the  envised  application  is  in 
lithium  batteries,  beside  transport  properties,  electrode 
compatibility  should  additionally  be  chosen  among  the 
most  crucial  requisites.  From  the  results  discussed  here, 
there  are  indications  that  the  PAN-based  electrolytes,  and 
quite  likely  the  majority  of  the  wet  polymer  electrolytes 
which  generally  contain  aggressive  liquid  components,  do 
not  fulfill  the  requirements  for  applications  such  as  long¬ 
life,  rechargeable  lithium  metal  batteries.  If  one  wants  to 
successfully  exploit  the  outstanding  transport  properties 
of  these  electrolytes,  some  interfacial-stabilizing  additives 
should  be  added  or  new  configurations  be  developed 
where  any  contact  with  the  lithium  metal  is  avoided.  The 
latter  solution  can  be  achieved  in  'rocking-chair'  cells 
where  the  lithium  metal  electrode  is  replaced  by  a  lithium 
ion  source  electrode.  The  validity  of  this  concept  is 
confirmed  by  the  present  trend  in  reserearch  and 
developments  of  LPBs. 

Rocking  chair  LPBs 

As  well  known,  the  most  common  configuration  of 
rocking  chair  batteries  uses  lithiated  carbon  LixCe  as  the 
negative  electrode,  a  lithium  metal  oxide  LiM02  (M=Co,  Ni) 
or  LiMn204  as  the  positive  electrode  and  liquid  organic 
solutions  as  the  electrolyte1^‘19-  Due  to  the  high  oxidizing 
character  of  the  selected  LiM02  cathode,  these  batteries 
may  suffer  from  solvent  decomposition  upon  cycling. 
Therefore,  the  replacement  of  the  liquid  electrolyte  with  a 
solid,  thin-layer,  Li-ion  conducting  membrane  would  be 
highly  beneficial  in  terms  of  performance,  especially  if  this 
membra  a  high  ionic  conductivity  and  a  wide 

electroc  i  stability  window.  The  gel-type  polymer 
electroly  jem  to  fulfill  these  conditions  and  thus,  they 
appear  to  ue  quite  compatible  with  the  use  of  LixCe/ 
LiM02  couples,  as  indeed,  practically  demonstrated  in 

our  and  in  other  laboratories16. 
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However,  one  should  be  aware  that  LixCe  lithiated 
carbon  coke,  although  being  the  most  popular  rocking 
chair  anode,  suffers  from  some  drawbacks,  the  most 
serious  being  the  voltage  excursion  upon  charge  (Li'*' 
uptake)-  and  discharge  (Li+  release)  which  may  extend 
up  to  1.5V  upon  the  exchange  of  the  total  removable 
lithium  (0<x<0.5)19.  This  can  be  an  undesired 
performance  especially  if  the  cells  are  directed  to  the 
electronic  market  where  voltage  stability  is  often  a  priority 
requirement.  Consequently,  other  intercalation 
compounds,  having  better  voltage  regulation  than  carbon 
coke,  should  be  considered. 

Large  variation  in  potential  with  concentration  are 
generally  related  to  large  changes  in  the  electrochemical 
potential  of  the  electroactive  species^^.  In  the  case  of 
LixCe  one  may  assume  that  changes  in  the  chemical  and 
the  electrochemical  potential  of  the  Li'*’  ions  are 
associated  with  interactions  between  these  ions  and  the 
host  structure  which  may  be  basically  described  in  terms  of 
disorded,  randomly  packed  graphite  units^V 

As  alternatives  to  LixCe  based  on  carbon-coke  one 
may  then  consider  such  materials  as  pure  graphite  and/or 
open-structured  compounds  offering  expectations  of  weak 
interactions  with  the  intercalated  lithium  ions.  One 
example  of  the  latter  is  the  layer-structured  titanium 
disulphide,  TiS2.  where  the  intercalation  of  the  lithium  ions 
within  the  Ti-S-Ti  layers  is  accompanied  by  a  modest  free 
energy  change  and,  thus,  by  a  limited  voltage  variation22, 
i.e.  0.7V  passing  from  x=0  to  x=1. 

To  evaluate  the  effectiveness  of  this  choice,  we  have 
assembled  a  rocking  chair  cell  where  titanium  disulphide, 
TiS2.  serves  as  the  negative,  'lithium-sink*  electrode  and 
lithium  cobalt  oxide,  LiCo02  as  the  positive,  'lithium- 
source'  electrode,  while  the  electrolyte  was  the  PAN- 
EC/PC, LiCI04  polymer  membrane.  This  cell  is 
represented  by; 

TiS2  /  PAN-EC/PC,LiCI04  /  LiCo02  [  1 1 

It  should  be  noted  that  TiS2.  which  is  one  of  the 
commonest  cathodes  in  conventional  lithium  battery 
configurations,  is  used  here  as  the  anod*  accept  Li*^ 
ions  from  LiCo02  during  charge  anc  -jase  them 
during  discharge,  according  to  the  procee. 

charge 

TiS2  +  LiCo02  <======>  LixTiS2  +  Li(i.x)Co02  [2] 

discharge 

The  cell,  assembled  in  the  discharged  state  exhibits 
an  open  circuit  voltage  (OCV)  of  0.3V  at  room  temperature. 
After  charging  at  a  current  density  of  0.02  mAcm‘2  the  cell 
assumed  a  charged  state  voltage  of  2.1V.  The  cell  was 
then  discharged  at  the  same  current  density  to  a  voltage 
cutoff  level  of  0.5V,  and  the  cycling  regime  was  repeated 
several  times  obtaining  the  typical  trend  illustrated  in 
Figure  4. 

In  conclusion,  the  results  reported  here,  although  in 
a  preliminary  stage,  confirm  that  the  rocking  chair  concept 
is  quite  applicable  for  the  development  of  reliable  and 
versatile  LPBs.  The  performance  of  the  example  discussed 
in  this  work  and  those  of  other  types  currently  under  test  in 
other  laboratories^  3, 19_  concur  that  this  concept  may 
ultimately  be  the  winning  one  in  assuring  widespread 
commercialization  of  LPBs. 


0  5  10  15  20  25 

Time,  hours 

FIGURE  4-Typical  charge-discharge  cycle  at  25  '^C  of  the 
LixTiS2/  LiCI04/-EC-PC-PAN  /  Li(i.x)Co02  thin-layer, 
rocking-chair  LPB.  Cycling  current  density:  0.02  mAcm*2. 
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Conventkmally,  rechargeable  lithium  cells  employ  a  pure  lithium 
anode,  lb  overcome  problems  associated  with  the  pure  lithium 
electrode,  it  has  been  propos^  to  replace  the  conventional  electrode 
with  an  alternate  matenal  having  a  greater  stability  with  respect  to  the 
cell  electrolytes.  Fbr  this  reason,  several  graphitic  and  coke  based 
carbonaceous  materials  were  evaluate  as  candidate  anode 
matenals^^).  Graphitic  carbons  were  found  to  exhibit  higher 
reversible  lithium  capacity  (ximpared  to  the  coke  based  matoials.  At 
JFL,  Ediylene  Propylene  Dime  Monomer  (EPDM)  was  selected  as  a 
suitable  binder  material  for  the  fabrication  of  carbon  electrodes^. 
The  results  of  the  electrode  fabrication  studies  indicated  that  the 
amount  of  Iwder  required  for  a  caibon  material  is  depe^nt  on  its 
surface  area.  Excessive  amounts  of  binder  were  found  to  reduce  die 
reversible  lithium  capacity  and  also  the  rate  capability  of  the 
electrode.  JPL  has  develop^  a  two  step  procedure  for  the  formation 
of  LijjC  electrode®.  This  process  involves  the  intercalation  of 
lithium  into  carbon  in  two  different  steps.  Electrodes  prepared  by 
this  mediod  exhibited  higher  reversible  Li  capacity  con^iared  to  those 
prepared  by  the  single  step  process.  Lithium  capacity  and 
reversibility  of  the  carbon  electrodes  were  also  found  to  be 
significanUy  dependent  on  the  nature  of  the  electrolyte  and  its 
coo^iosition®.  In  this  paper,  we  summarized  the  results  of  the 
studies  on  Li-ion  cell  develr^xiient 


The  electrochemical  performance  of  the  graphite  material  was 
investigated  using  half  cells  employing  Li  as  the  negative  electrode 
and  carbon  as  the  positive  electrode.  Both  nickel  and  copper  grid  can 
be  used  as  current  collector  and  substrate  for  the  carbon  electrode. 
Carbon  electrodes  were  made  by  pressing  and  then  formed  by 
electrochemical  intercalation  with  Li.  The  pressing  technique  was 
found  suitable  for  the  electrode  fabrication.  Ethylene  propylene  diene 
monomer  (EPDM)  was  used  as  a  binder  All  electrodes  were 
phased  by  mixing  the  carbon  powder  with  a  solution  of  EPDM 
binder  in  cyclohexane  until  a  uniform  slurry  was  obtained.  The 
slurry  was  spread  on  both  sides  of  the  ^id  to  form  tte  electrodes. 
Then,  the  carbon/EFDM  coating  is  dried  by  allowing  die  cyclohexane 
to  evaporate.  As  a  final  step  ,  both  sides  of  the  pid  were  pressed 
between  a  pair  of  stainless  steel  plates,  to  a  pressure  of  about  450 
lbstin2.  Typically,  electrodes  were  coat^  with  10  - 15  mg  erf  carbon 
per  cm2,  a^  were  10-15  mil  thick.  Electrochemical  cells  were 
constructed  using  these  electrodes,  lithium  foil  (Foote  Mineral 
Corp.),  porous  polypropylene  separators  (Celgard  no.  2400),  and 
seleo^  electredytes. 

Mixed  (by  volume  ratio)  solvent  electrolytes  containing  ethers  and 
carbonates  were  chosen  for  this  study.  Lithium  hexafluoroarsenate 
(LiAsF6)  and  Lithium  hexafluorophqrohate  (LiPFfi)  were  used  as 
riectrolyte  salts.  Specifically,  six  different  groups  of  electrolytes 
were  studied:  (1)  1.5M  LiAsF6  in  {x%  Ethylene  cattonate  [EQ  + 
(l(X)-x)%  2-Methyl  tetrahydrofuran  P-MeTHF]),  where  x  =  10, 50 
and  70  (These  electrolytes  will  be  abbreviated  as  SE2MeTHFfx%Vl- 
(2)  l.OM  LiA^6  in  {(70%  EC  +  30%  Dimethoxy  ethane  (DME)), 
^  electrolyte  will  be  abbreviated  as  SEDMEf70%'>  &  l.OM  LiPF6 
in  (70%  EC  +  30%  DME),  and  this  electrolyte  will  be  abbreviated  as 
PEDMEf70%l.  (3)  l.OM  LiAsF6  in  (70%  EC  +  30%  Dimethyl 
carbonate  (DMC)),  this  electrolyte  will  be  abbreviated  as 
SEDMCf70%l  and  l.OM  LiPF6  in  (70%  EC  +  30%  DMC),  this 
electrolyte  will  be  abbreviated  as  PEDMCf70%l.  (4)  l.OM  LiAsF6 
in  {x%  EC  +  (100-x)%  Diethyl  carbonate  [DEC]},  where  x  =  10, 


30,  SO  and  70  (These  electrolytes  will  be  abbreviated  as 
SECEOxSfel.).  (5)  l.OM  LiPF6  in  {x%  EC  +  (100-x)%  DEC), 
where  x  ^  10, 30,  M  and  70  (These  electrolytes  will  be  abbreviated 
as  PEDEax%l.l.  and  (6)  l.OM  UAsF6  in  (33.3%  EC  +  33.3%  2- 
MeTHF  +  33.4%  DEC)  with  or  without  the  addition  of  2.5%  2- 
Methyl  fiiran  [2-MeF]  (These  electrolytes  will  be  abbreviated  as 
Sfl/31  am)  Sft/3-t-2MeFl.l.  The  experunental  cells  were  evaluated 
for  charge/discharge  diaiacteristics,  fsradaic  utilization  of  the  carbon 
active  material,  rate  ctqtability  and  cycle  life.  Constant  current  was 
used  for  charging  and  discharging  the  cells.  Experiments  were 
conducted  in  an  oxygen  and  moisture  free  dry  box. 


(A)  Electrochemical  Intercalation  Techniques:  Once  a 
suitable  carbon  electrode  is  formed,  difficulties  arise  in  inemporating 
lithium  ions  into  the  carbon  anode.  To  incorporate  lithium  ion,  a 
carbon  elecnode  is  typically  imnoersed  widiin  an  electrolyte  bath  witii 
a  lithium  ion  source  which  may  be  a  lithium-containing  electrode 
such  as  a  piece  of  lithium  metal,  lithiated  titanium  disulfide  US  2,  or 
lithiated  cobalt  oxide,  etc..  A  current  is  then  applied  between  the 
lithium  source  and  carbon  electrodes.  Two  electrochemical 
intmsalation  methods  have  been  developed.  The  first  of  these  is  an 
intermittent  discharge  method.  The  initial  application  of  current 
causes  a  portion  of  tlw  lithium  ions  to  react  with  carbon  atoms  on  the 
surface  m  the  carbon  elecuode,  witiiout  any  intercalation.  Because 
the  voltage  (v.s.  Li)  of  the  carbon  electrode  drops  to  near  0  volts,  it 
may  iqtpear  that  the  electrode  is  no  longer  useful.  The  current  is  then 
deactivated  and  reapplied  several  times.  Each  subsequent  re¬ 
application  of  current  causes  a  greater  reaction  with  lithium  ions  and 
ultimately  results  in  reversible  intercalation  (Figure  1).  The  second 
method  involves  application  of  current  in  two  stages  wher^  die 
second  current  level  is  substantially  lower  than  the  fim  current  level. 
However,  the  second  current  is  applied  only  once  and  results  in 
substantial  intercalation  of  lithium  ions.  In  the  first  method,  four  or 
mote  stqrs  are  required  to  achieve  substantially  full  intercalation.  In 
the  two  stage  method,  substantially  full  intercalation  is  achieved  in 
two  stages.  Hgs.  2  iUustrate  a  second  method  in  which  one  current 
is  used  for  an  initial  discharge  stage  and  then  a  lower  current  is  used 
for  subsequent  discharge  stages.  The  processes  for  the  step  one 
discharge  were  studied  by  complex  impedance  measurements  using 
three  electrodes  at  different  stag»  during  the  stq>  one  discharge.  The 
results  are  given  in  Figure  3.  At  stage  one,  we  found  one  semi-circle 
&  a  straight  (capacitor)  line  that  reflects  the  initial  film  from  the 
binder  or  other  inmurities.  Ultimately,  we  found  two  semi-circles 
which  reflects  the  formation  of  a  new  film  (Figure  3).  These  results 
indicated  that  all  the  Li  transferred  during  the  stro  one  discharge 
results  in  a  stable  film  with  no  intercalation.  Thoefore  ^  stq>  one 
discharge  is  irreversible.  The  chemistry  of  the  film  was  examined  by 
EDX  at  four  conditions  including  (1)  Fresh  carbon  electrode,  (2) 
Resh  carbon  electrode  dipped  in  the  electrolytes  (1.5  M  LiAsF6  in 
10%  EC  +  90%  2-MeTHIO  and  then  washed  by  using  pure  solvent 
(2-MeTHF)  to  clean  up  the  residual  salts,  (3)  Qrcled  carbon 
electrodes,  and  (4)  Cycled  carbon  electrode  then  wt^ed  1^  pure 
solvent.  The  most  innxHtant  finding  is  that  the  film  craitains  oxygen 
(Figured). 

(B)  Binder  Effect:  For  ambient  tenqterature  fabrication  of  carbon 
electrode,  a  binder  material  must  be  provided  to  hold  the  carbon 
particles  together  However,  if  too  much  binder  is  provided  with  the 
^phitic  carbon,  low  specific  energy,  poor  rate  capability  and 
madequaie  lithium  reaction  occurs.  Conversely,  if  an  insufficient 
amount  of  binder  is  provided,  the  gnqthitic  cari^  particles  t^  to 
disperses  dissolve  within  the  electrcriyte  bath.  In  Hg.  5,  voltage  is 


chatted  as  a  fimctioii  of  the  value  of  x  in  lixC  for  O.S%,  1%  and  3% 
EPDM  compositions  to  illustrates  the  effect  of  the  annount  of  EPDM 
binder  on  the  reaction  of  lithium-ions  with  graphitic  carbon.  The 
discharge  curves  were  obtained  using  the  first  stage  of  a  two  stage 
technique.  A  relatively  low  cunent  level  of  0.188  mA/cin2  was  us^ 
for  the  discharge  of  the  3%  EPDM  carbon  electrode.  These  results 
illustrate  that  even  at  the  relatively  low  cuirent,  very  little  lithium  ion 
reaction  was  achieved  for  a  3%  EPDM  composition.  Nevertheless, 
even  with  2%  EPDM,  very  little  intercalation  was  found  to  occur 
Fig.  6  illustrates  electrochemical  intercalation  and  deintercalation 
curves  for  lithium  into  and  out  of  a  graphitic  carbon  having  a  0.3% 
ETOM  con^)osition. 

Although  1%  EPDM  can  be  used  to  achieve  a  reversible  cell,  1%  is 
not  an  optimal  EPDM  binder  percentage.  The  use  of  a  0.3%,  by 
weight,  EPDM  binder  allows  for  adequate  cohesion  of  the  graphitic 
carbon  particles  while  also  allowing  for  an  effective  subsequent 
intercalation  of  lithium  ions  into  the  caitxm.  Although  a  composition 
of  0.3%  EPDM  is  optimal,  a  composition  of  up  to  1%  EPDM  may 
also  be  effective  for  binding  the  caiixxi.  In  gene^,  the  most  effective 
percentage  of  EPDM  depends  on  the  total  surface  area  of  the 
graphitic  carbon.  Table  I  provides  rate  capability  information  for  a 
Uthium  cell  incoiporating  a  0.3%  EPDM/carbon-bascd  electrode.  In 
a  1  ampere-hour  cell,  a  C/20  discharge  rate  and  a  C/3  charge  rate  is 
achieved  while  maintaining  a  capacity  greater  than  200mAh/gm. 
These  results  verify  that  a  graphitic  carbon  electrode  having  a  99.3% 
carbon  and  0.3%  EPDM  binder  composition  is  an  effective 
composition  for  use  as  a  carbon/lithium-ion  electrode  in  a  lithium 
cell.  The  EPDM  percentage  of  0.3%  is  effective  for  use  with  most 
commercial  grades  of  graphitic  carbon.  Other  percentages  within  the 
rage  of  0.3%  -  1.0%  may  also  be  effective.  However,  as  noted 
above,  the  optimal  EPDM  percentage  depends  upon  the  surface  area 
of  the  graphitic  carbon. 

(C)  Evaluation  of  carbon  materials:  The  carbon  materials  that 
had  been  evaluated  include;  pitch  coke  material,  the  same  type  of 
petroleum  coke  materials  with  different  particle  size,  PAN  carbon 
fiber,  and  graphite  materials.  The  coke  materials  that  we  have 
evaluated  showed  a  typical  powder  x-ray  diffraction  pattern  of  broad 
peaks  compared  to  the  sharp  and  narrow  peaks  for  graphite  materials. 
IWo  step  Li  reaction  of  pitch  coke  material  with  initially  high  current, 
followed  by  a  low  current  Li  intercalation,  showed  about  30  %  of  Li 
capacity  to  be  reversible.  For  petroleum  coke  materials,  we 
examined  the  Li  reversible  capacity  (by  IV  cut  off)  of  the  same 
petroleum  coke  materials  but  with  different  particle  size. 
Experimental  results  showed  that  the  reversible  Li  capacity  is  about 
the  sanoe  (0.06  Li  per  carbon)  for  both  petroleum  coke  materials 
having  different  panicle  size.  The  major  difference  is  that  the 
irreveisiHe  Li  capacity  is  much  larger  for  the  small  particle  size  coke 
materials.  These  indicated  that  the  surface  of  carbon  material  plays 
an  important  role  in  the  electrochemical  intercalation  process.  Also, 
the  reversible  Li  capacity  in  the  PAN-based  carbon  fibn  material  was 
evaluated.  The  results  indicated  that  about  0.1  Li  per  carbon  can  be 
reversibly  cycled  at  a  slow  charge  and  discharge  rate.  For  the  case  of 
graphite  material,  0.124  Li  per  carbon  can  be  reversibly  cycled  after  a 
two  step  Li  reaction.  To  m^e  a  comparison,  reversible  Li  capacity  of 
different  types  of  carbon  materials  is  sumiiuuized  in  Table  II. 

(D)  lype  of  electrolyte  and  its  composition:  Seventeen 
different  mixed  solvent  electrolytes  containing  ethers  and  carbonates 
were  evaluated  as  candidate  electrolytes  for  Li-ion  cells.  The  results 
obtained  to  date  indicate  that  the  electrochemical  performance  of  the 
carbon  material  identified  is  dependent  significantly  on  the  nature  of 
the  electrolyte  employed.  The  experimental  results  of  Li/C  cells 
containing  various  electrolytes  are  summarized  below: 

(1)  The  reversible  Li  capacity  for  the  cells  containing  SE2McTHF 
electrolyte  having  various  amount  of  EC  was  approximately  0.12 
Li/C.  However,  the  irreversible  Li  capacity  increases  sharply  with 
increase  in  the  annount  of  EC.  These  results  indicate  increased 
electrolyte  decomposition  in  electrolytes  containing  higher  levels  EC. 

(2)  The  interfacial  resistivity  was  very  high  for  cells  containing 
PEDME,  SEDME,  PEDMC  and  SEDMC  electrolytes.  Due  to  the 
high  resistivity,  these  cells  were  not  able  to  be  cycled.  Detailed 
analysis  of  these  cells  revealed  that  the  separator  used  (Cclgard  2400) 
was  not  wet  The  dry  condition  may  have  been  caused  by  the  high 


percentage  (70%)  of  EC  used,  which,  in  turn,  increased  the 
electrolyte  viscosity. 

(3)  The  discharge  curves  (Figure  7)  of  Li/LixC  cells  containing 
SEDEC  electrolytes  reveal  a  high  peak  voltage  (1.2  V  vs.  Li)  which 
may  be  an  effect  of  the  LiAsF6  ^t.  This  peak  voltage  decreases 
sli^tly  with  increase  in  the  EC  content  in  tte  electrolyte.  The  ceUs 
activated  with  electrolytes  containing  more  EC  exhibited  higher 
voltage  discharge  profiles  under  the  same  discharge  cunent  density. 
The  higher  voltages  may  be  explained  by  increase  in  the  practical 
surface  area  of  the  carbon  electr^es  which,  in  turn,  is  proirably  due 
to  the  EC  solvent  co-intercalation  into  the  carbon  particles.  The 
increased  Li  capacity  of  the  first  step  discharge  is  mostly  used  for  the 
formation  of  a  protective  film  on  the  carbon  to  cover  the  increased 
surface  area.  The  Li  capacity  used  for  film  formation  is  actually  a 
waste  of  Li  and  electrolyte.  For  all  the  four  combination  EC  in  the 
SEDEC  group,  the  reversible  Li  capacity  is  in  the  range  of  0.12  Li/C. 
However,  the  irreversible  Li  consumption  increases  sharply  as  the 
EC  anxiunt  in  the  electrolyte  increases  to  above  30%  (Figure  9). 

(4)  Figure  8  exhibits  the  first  step  discharge  of  half  cells  containing 
I^DEC  with  various  ariKMint  of  EC.  The  discharge  Li  capacity  in  the 
U/C  Cells  containing  PEDEC  electrolytes  had  a  similar  trend  as  cells 
containing  SEDEC  electrolytes.  However,  the  peak  voltage  of  these 
cells  was  lower  (0.6  -  0.7  Nfolts  vs.  Li).  For  cells  containing  PEDEC 
electrolytes,  the  reversible  Li  capacity  was  in  the  range  of  0. 1 3  Li/C. 
Figure  9  shows  that  the  irreversible  Li  consumption  increases  sharply 
as  the  EC  atiwunt  increases,  and  eventually  reaches  a  state  of  having 
more  irreversible  capacity  than  reversible  capacity  for  PEDEC(70%). 
Therefore,  the  optimum  EC  amount  in  PEDEC  electrolyte  used  in 
rechargeable  Li  cells  with  a  LixC  anode  is  between  30  and  30%. 

(3)  Li/C  cells  containing  S(l/3)  and  S(l/3+2-MeF)  electrolytes 
delivered  about  the  same  amount  of  total  discharge  capacity  (0. 19 
Li/C).  However,  the  cells  having  2-MeF  in  the  electrolyte  showed 
slightly  less  charge  capacity  (0.073  Li/C)  than  those  not  containing  2- 
MeF  (0.08  Li/C). 

Experimental  results  obtained  so  far  indicate  that  increase  of  ethylene 
carbonate  (EC)  was  found  to  improve  the  rate  capability  of  the  cells. 
However,  the  increase  in  EC  content  was  also  found  to  increase  the 
amount  of  electrolyte  decomposition.  The  electrolytes  containing  EC 
and  diethyl  carbonate  (DEC)  with  lithium  hexafluorophosphate 
(LiPFg)  salt  were  found  to  be  proiirising  for  Li  ion  cells. 

(E)  Lithium-ion  Cell  Development: 

fa>Lij.(ZyLiCto02  system:  Experimental  Lij|C7LjCo02  cells  were 
fabricated  and  the  cycle  testing  of  these  cells  is  in  progress  (Figure 
10).  PEDEC  electrolyte  was  selected  as  the  candidate  electrolyte  for 
these  in-house  Li-ion  cells.  Alunninum  and  nickel  grids  were  used  as 
the  current  collectors  for  the  LiCto02  cathode  and  graphitic  carbon 

anode  respectively.  The  cells  so  far  have  completed  19  cycles  and 
have  no  noticeable  loss  in  discharge  capacity. 

(b)  LiJ^C/LiJ^TiS2  system:  Although  the  LijjC!/LijjTiS2  cell  has  lower 
voltage  than  the  Li  jCyLiCto02  cell .  it  may  have  comparable  specific 
energy  because  Li^TiS2  has  higher  specific  lithium  capacity  than 
LiC>302.  Earlier  work  at  JPL  showed  that  the  Li  metal-TiS2  cell  was 
attractive  in  terms  of  specific  energy  and  reversibility.  However, 
some  difficulties  were  encounter^  during  the  fabrication  of 
LixC/LixTiS2  cells.  This  comes  from  the  intrinsic  problems  in  the 
areas  of;  (a)  instabili^  of  lithiated  TiS2  and  lithiated  carbon  materials 
in  the  dry  room  environment,  (b)  salt  precipitation  on  the  electrode 
surface  during  the  drying  process  after  the  preparation  of  lithiated 
carbon  and  lithiated  TiS2  electrode,  and  (c)  difficulty  in  cell 
fabrication.  The  difficulty  of  Li^C/UjTiS2  cell  fabrication  is  due  to 
the  complicated  handling  procedures  involving  initial  preparation  of 
active  materials  (lithiated  TiS2  or  lithiated  carbon)  in  one  cell  and  then 
transfer  of  one  of  these  to  the  final  cell.  For  these  reasons,  the  work 
on  Li^C/Li^TiS2  cell  fabrication  was  temporarily  postponed. 
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This  study  includes  fabrication  steps  for  forming  a  carbon  electrode 
composed  of  graphitic  carbon  panicles  adhered  by  an  ethylene 
propylene  diene  monomer  binder.  An  effective  binder  composition  is 
determined  for  achieving  a  carbon  electrode  capable  of  subsequent 
intercalation  by  lithium  ions.  TVvo  differing  multi-stage  intercalation 
processes  are  proposed.  In  the  first,  a  fix^  current  is  repetitively 
applied.  In  the  second,  a  high  current  is  initially  applied,  followed 
by  a  single  subsequent  lower  current  stage.  Resulting 
carbon/lithium-ion  electrodes  are  well  suited  to  use  as  an  anode  in  a 
reversible,  ambient  temperature,  lithium  cell.  In  addition,  the 
electrochemical  intercalation  of  lithium  into  carbon  was  also 
investigated  in  several  mixed  solvent  electrolytes  containing  ethers 
and  carbonate.  The  results  obtained  to  date  indicate  that  electrolyte 
decomposition  occurs  at  the  carbon  electrode  surface  during  the  initial 
stages  of  the  discharge  process.  The  extent  of  decomposition  was 
found  to  be  significantly  dependent  on  the  electrolyte  composition. 
Electrolytes  containing  higher  percentages  of  EC  showed  improved 
rate  capability,  but  also,  more  electrolyte  decomposition. 
Electrochemictil  performance  of  the  carbon  electrodes  is  closely 
related  with  the  type  of  electrolytes  used.  Some  carbon  and 
electrolyte  combinations  may  yield  reversible  Li  capacity  of  more 
than  300  mAh/gm.  However,  these  electrodes  can  not  be  practically 
used  as  anode  material  for  rechargeable  Li  cells  if  the  irreversible  U 
ciqiacity  is  too  large. 
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TABLET  Rate  Capability  of  U  out  (Q  and  Li  in  (Dl  in  lixC 
Anode 


TABLED.  The  Comparison  of  Reversible  Li  Capacity  of 

Carivw  MatenaU  Fv«liiiite.t 


(1)  PITCH  COKE: 

(2)  PETROLEUM  COKE: 

(3)  PAN  FIBER: 

(4)  GRAPHITE: 


0.070  U  PER  CARBON 
0.057-0.077  U  PER  CARBON 
0.097  U  PER  CARBON 
0.124  U  PER  CARBON 


Figuta  1.  Tha  Improvad  discharga  partormanoa  ot  Li  intarcalating  into 
cartxm  using  intamtillant  discitarga  tachniqua. 
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Figura  2.  Etoctrochamical  intarcalation  of  Li  into  graphite  by  iwo-staga  maihod. 


CURRENT  (mA)  CAPACITY  (mAh) 


D  26 

783 

C  50 

789 

D  26 

791 

C  100 

763 

D  50 

728 

C  50 

741 

D  50 

734 

C  100 

716 

D  50 

714 

C  200 

697 

D  50  710 

C  300  670 


*  CAPACITY:  >  2(X)  mAh/gm  at  1  mA/cm2. 


2,5  T - a - 

C  Working  Electrode 
a  Li  Counter  Electrode 
„  „  Li  Reference  Electrode 

2.0-  a 

• 

♦ 

1.5- 

a  • 

2  .  ■  1 

1.0-  • 

•  a 

3 

0.0  0,5  1.0  1.5  2.0  2.5 

2' 

Figure  3.  AC  measurement  of  Li/C  cell  at  different  stages 
during  first  discharge  of  the  two-slep  intercaiation 
technique. 
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Volte^e  vs.  U  (mV)  Voltage  vs.  U  (mV) 
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Figure  4.  The  chemistry  of  cartxtn  surface  film  was  examined  by 
EOX  at  four  condition:  (1)  Fresh  carbon  electrode  (2)  Fresh 
carbon  electrode  dipped  in  the  electrolytes  and  then  washed  by 
using  pure  solvent  to  clean  up  the  residual  salts  (3)  Cycled 
carbon  electrodes  (4)  Cycled  carbon  electrode  then  washed  by 
pure  solvent. 
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Figure  7.  Company  Of  the  first  step  dtscharge  of  Li/UxC  cells 
coritaining  electrofyie  having  cfiHerent  amount  of  EC. 
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DEVELOPMENT  OP  A  HIGH  ENERGY  DENSITY  RECHARGEABLE 
LITHIUM-ION  CELL  TECHNOLOGY 
Walter  Ebnar,  David  Foucltard,  Lika  Xia  and  SM  Magahad 
Rayovac  Corporation,  Madiaon,  Wl 


AtMlofit 

Lithium-ion  cells  are  attractive  for  many  consumer  and 
military  applications.  However,  to  achieve  the  performance 
goals  for  Naval  applications,  high  capacity  anode  materials 
are  needed  that  can  boost  specific  energy  beyond  present 
levels.  Graphitic  carbons  offer  twice  the  theoretical  capacity 
of  petroleum  coke  and,  thus,  represent  attractive  second 
generation  anode  materials.  The  feasibility  of  using 
graphitic  carbon  anode  materials  has  been  demonstrated  in 
AA-cells  where  a  48  percent  increase  in  capacity  was 
achieved  at  low  discharge  rates.  However,  the  rate 
capabilities  of  these  cells  were  poor  compared  to  cells  with 
petroleum  coke  anodes.  This  paper  discusses  work  in 
progress  to  improve  the  rate  capabilities  of  graphitic  carbon 
anode  materials  considering  both  the  type  of  graphitic 
carbon  and  the  effects  of  the  electrolyte  solution. 

latroduction 

Lithium-ion  batteries  represent  an  exciting  new 
technology  that  offers  much  promise  for  a  wide  range  of 
applications  and  markets.  These  batteries  offer  a  high  level 
of  safety  combined  with  long  cycle  life,  good  rate 
capabilities  and  low  temperature  performance,  and  energy 
densities  that  surpass  all  traditional  rechargeable  battery 
technologies.  Sony  and  Toshiba  have  already  introduced 
lithium-ion  batteries  into  the  U.S.  consumer  market  for 
camcorders  and  portable  computers,  respectively,  and 
more  batteries  by  these  and  other  manufacturers  are 
expected  to  follow  later  this  year. 

Lithium-ion  batteries  also  offer  much  promise  for  military 
applications  and  at  Rayovac  we  are  pioneering  their 
development  under  contracts  to  both  ARL  and  NSWC. 
This  paper  describes  work  being  done  under  our  NSWC 
contract  directed  at  developing  a  prismatic  lithium-ion  cell 
technology  to  power  auxiliary  equipment  on  undenwater 
vehicles.  In  the  present  program,  we  are  developing  an  8 
Ah  cell  to  demonstrate  the  feasibility  of  the  lithium-ion 
technology.  Subsequent  phases  of  the  program  will 
incrementally  scale-up  the  technology  to  a  200  Ah  cell 
which  will  be  the  building  block  for  battery  development. 
The  final  battery  would  incorporate  24  cells  configured  in  a 
series-parallel  arrangement  yielding  a  24V,  14KWh  battery. 

Our  present  development  efforts  are  directed  at  the 
LiNi02/carbon  system.  LiNi02  was  selected  over  LiCo02 
because  its  lower  operating  voltage  offers  many 
advantages  which  more  than  offset  the  reduction  in  energy 
density  and  specific  energy.  These  advantages  include 
better  high  temperature  stability,  lower  self-discharge  rates, 
better  safety  characteristics  during  overcharge,  and  the  use 
of  a  wider  range  of  electrolyte  solutions.  The  latter 
consideration  is  especially  important  to  achieve  the  rate 
capabilities  and  low  temperature  performance  needed  for 
military  applications.  For  example,  DME-based  solutions, 
which  offer  good  rate  capabilities  and  low  temperature 
performance,  can  be  used  with  LiNi02  but  not  with  LiCo02. 


Our  baseline  technology  employs  a  petroleum  coke 
anode  combined  with  either  a  1.0M  LiN(CF3S02)2/PC-DME 
(50:50)  (coin  cells  only)  or  1.0M  LiPFg/PC-DME  (50:50) 
electrolyte  solution.  This  technology  has  been  found  to  offer 
excellent  perfonnance  characteristics(l). 

The  main  deficiencies  of  the  LiNi02/petroleum  coke 
system  are  capacity  and  specific  energy.  A  key 
performance  goal  for  the  prismatic  cell  technology  is  to 
achieve  a  specific  energy  of  ^11 5  WhAcg  in  the  200  Ah  cell 
and  projections  made  using  a  computer  model  indicated 
that  it  would  be  very  difficult  to  realize  that  goal  using  the 
baseline  technology  (Figure  1).  To  boost  specific  energy, 
we  are  pursuing  the  development  of  alternate,  high 
capacity  carbon  anode  materials.  The  projections  shown  in 
Figure  1  indicate  that  a  specific  capacity  of  320  mAh/g  will 
be  sufficient  to  meet  the  specific  energy  goal. 
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Figure  1 .  Specific  Energy  ftojeciioiis  for  Rriaoatic  LiNiO/Carboo 

Liitaium-Ion  Cdle  as  a  Function  of  Carbon  Type  and  Cell  Size. 

Based  on  these  projections,  we  are  pursuing  the 
development  of  graphitic  carbon  anode  materials  for  the 
prismatic  cell  technology  which  offer  a  theoretical  capacity 
of  372  mAh/g.  This  paper  discusses  the  progress  to  date  in 
implementing  a  graphitic  carbon.  Although  our 
investigations  are  not  complete,  we  have  substantially 
increased  our  understanding  of  the  behavior  and 
characteristics  of  graphitic  carbons  for  use  as  anode 
materials  in  lithium-ion  cells. 


- 

OnfA 

w.  372  mi 

ih/gm  Fyiolyti®  C****®.  I 

— 

I  Orqdiiie.32( 

'  ■  r  I  Ti3W 

j  \ 

ImAh/gm 

VkgOoal 

Peinkeura  Cok^  ISSmAiygm 

Resulte  and  Diacuasion 

Our  initial  evaluations  of  graphitic  carbons  employed 
Lonza  KS  synthetic  graphites.  These  materials  are  readily 
available  commercially  at  low  cost  and  have  been  shown  to 
give  reasonably  good  performance  as  a  lithium  intercalation 
electrode(2).  Electrol^e  solutions  were  EC-based  since 
they  have  been  reported  to  give  good  reversibility  with 
graphitic  carbons(3). 

Figure  2  compares  AA-ceil  capacity  as  a  function  of  rate 
capabilities  for  a  Lonza  KS-15  graphite  anode  versus  a 
petroleum  coke  anode.  At  low  current  densities,  the  cell 
with  the  graphite  anode  performed  quite  well,  delivering  a 
capacity  of  620  mAh  versus  420  mAh  for  the  petroleum 
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coke  cell.  This  represents  a  48  percent  capacity 
improvement.  Under  these  conditions,  the  graphite  anode 
delivered  a  specific  capacity  of  356  mAh/g,  very  close  to 
the  theoretical  372  mAh/g  for  graphite.  At  higher  current 
densities,  however,  the  capacity  of  the  graphite  cell 
dropped  off  much  more  rapidly  than  the  petroleum  coke 
cell.  At  5  mA/cm^  and  beyond,  the  petroleum  coke  cell 
actually  yielded  higher  capacities. 


These  initial  investigations  showed  that  graphitic 
carbons  were  indeed  viable  anode  materials  for  lithium-ion 
cells  and  could  realize  the  significant  gams  in  capacity 
projected  for  them.  However,  the  results  also  showed  that 
significant  improvements  in  rate  capabilities  were  needed 
before  these  gains  could  be  achieved  at  practical  current 
densities.  Therefore,  increasing  the  rate  capabilities  of  cells 
employing  graphitic  carbon  anode  materials  has  become  a 
major  focus  of  our  work.  To  accomplish  this,  we 
investigated  two  approaches:  the  use  alternate  graphitic 
carbons  and  the  use  alternate  electrolyte  solutions. 

Alternate  Graphitic  Carbons 

There  are  a  wide  range  of  graphitic  carbons 
commercially  available  and  it  was  of  interest  to  determine 
how  they  compared  as  intercalation  anode  materials. 
Investigations  were  therefore  undertaken  to  determine  the 
specific  capacities,  irreversible  capacities,  and  rate 
capabilities  for  a  variety  of  graphitic  carbons.  We  also 
wanted  to  try  to  correlate  performance  with  physical 
properties  of  the  graphite  in  an  effort  to  determine  the  most 
important  properties.  These  could  then  be  used  to  select 
other  candidate  materials  and,  ultimately,  to  engineer  new 
high  capacity  carbons. 

Table  1  summarizes  the  graphitic  carbons  evaluated 
along  with  their  known  physical  properties.  Figure  3 
compares  the  reversible  and  irreversible  capacities 
measured  for  each  carbon  in  lithium  coin  half-cell  tests  at 
0.1  rrWcm^.  The  highest  reversible  capacity  was  achieved 
with  the  IBA  natural  graphite  followed  by  SFG-75.  These 
results  indicate  that  large  Lc  values  may  be  beneficial  to 
performance.  Comparing  the  results  for  SFG-6  with  those 
for  SFG-75,  it  appears  that  increased  surface  area 
decreases  reversible  capacity  and  increases  irreversible 
capacity. 

Based  on  these  results,  graphitic  carbons  having  high 
Lc  values  (e.g.  >2,000  A)  and  low  surface  areas  (e.g.  <  5 


Table  1  Summaiy  of  Gr?  phitic  Carbons  Ev^ted  for  Use  as 
Uttiium-lon  Anode  Materials 
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Figuie  3.  Specific  Reversible  and  Irreversible  Capacities 
for  Various  Graphitic  Carbons 

m2/g)  are  indicated  to  give  the  best  overall  performance, 
considering  reversible  and  irreversible  capacities. 

Rate  capabilities  for  some  of  the  graphites  were 
determined  using  stepwise  intercalation/deintercalation 
tests  and  then  fitting  the  capacity  versus  current  density 
results  to  an  empirical  equation,  derived  by  Selim  and 
Bro(4),  using  a  nonlinear  curve  fitting  technique.  We  have 
found  this  to  be  an  excellent  method  for  evaluating  rate 
capabilities  in  both  half-cells  and  full  lithium-ion  cells(l) 
The  curve  fitting  process  gives  best  fit  values  for  three 
empincal  parameters,  Qo,  R,  and  A  which  provide  a 
quantitative  measure  of  rate  capability.  R  is  of  particular 
interest  because  it  provides  an  estimate  of  the  maximum 
practical  current  density  for  a  given  cell  design  or  electrode 
configuration.  Thus,  cells  should  be  designed  to  operate  at 
current  densities  sR  to  ensure  efficient  operation. 

Table  2  compares  fitted  parameters  from  the  Selim-Bro 
Equation  for  petroleum  coke  versus  two  graphitic  ca.'bons. 
For  all  three  carbons  tested,  the  intercalation  R-values 
were  much  smaller  than  the  deintercalation  R-values.  We 
attribute  this  to  the  effects  of  ion  desolvation  during  the 
intercalation  process.  Significantly,  the  intercalation  rates  in 
graphite  are  indicated  to  be  much  lower  than  in  petroleum 
coke.  The  deintercalation  rate  capabilities,  as  given  by  the 
R-values,  are  all  indicted  to  be  of  similar  magnitude.  These 
results,  therefore,  indicate  that  graphitic  carbons  offer 
discharge  rate  capabilities  similar  to  those  of  petroleum 
coke. 
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Table  2.  Fitted  Parameters  from  the  Selim-Bre  Equation  Defining  the 
Rate  Capabilities  of  Petroleum  Coke  Versus  Two  Graphitic 
Carbons. 
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Electrolyte  Solutions  Used; 

Petroleum  Coke:  1  .OM  LiN(CF)SOr)!/PC-DME  (50:50) 

Graphites:  1.0M  UPFi/EC-DEC  (50:50) 

The  lower  rate  capabilities  observed  in  the  AA-cell  tests 
with  graphitic  carbon  anodes  are.  therefore,  attributed  to 
solution  properties  rather  than  to  the  graphite  anodes.  As 
shown  in  Table  3,  the  EC-based  solutions  required  for  use 
with  graphitic  carbons  are  considerably  less  conductive  and 
more  viscous  than  the  PC-DME  solution  used  with 
petroleum  coke.  Reduction  in  rate  capabilities  by  the  EC- 
based  solutions  was  confirmed  in  AA-celi  tests  using 
petroleum  coke  anodes  with  a  1.0M  LiPFg/PC-DME  versus 
a  1.0M  LiPFg/EC-DEC  solution.  The  results,  shown  in 
Figure  4,  clearly  show  lower  rate  capabilities  for  the  EC- 
DEC  solution.  The  fitted  R-value  from  the  Selim-Bro 
equation  was  reduced  by  44  percent  (e  g.  1.89  versus  3.39 
mA/cm^  for  the  PC-OME  solution). 

Table  3.  Physical  Properties  of  Key  PC-  and  EC-Based  Electrolyte 
Solutions  at  2S°C. 
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Figure  4.  LiNiOj/Petroleum  Coke  AA-Cell  Discharge  Rate  Cqtability 
Comparison  Showing  Perfocmance  for  a  EC-DEC  Electrolyte 
Solution  Versus  a  PC-DME  Solution. 

Based  on  these  results,  it  appears  that  the  type  of 
graphite  has  little  impact  on  the  discharge  rate  capabilities 
of  lithium-ion  cells.  Instead,  solution  properties  are 
indicated  to  be  the  dominating  factor.  Thus,  to  improve 
discharge  rate  capabilities,  alternate  high  conductivity 
electrolyte  solutions  are  needed  that  can  work  reversibly 
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With  graphitic  carbon  anodes  and,  at  the  same  time,  offer 
the  oxidative  stability  needed  for  the  high  potentnl  refhode 
materials  used  in  IHhium-ion  cells 

Alternate  Electrolyte  Solutione 

To  date,  EC-based  solutions  are  the  only  solutions 
known  to  work  reversibly  with  graphitic  carbons.  The  most 
widely  used  solutions  employ  mixtures  of  EC  with  DMC 
(5,6)  or  DEC  (6).  although  EC  can  be  used  alone. 
However,  to  improve  the  rate  capabilities  of  lithium-ion  cells 
employing  graphitic  carbon  anodes,  other  solutions  must  be 
identified.  To  accomplish  this,  we  must  first  understand 
what  solvent  qualities  are  needed  to  achieve  reversible 
performance  with  graphitic  carbons  and  then  use  that 
information  to  engineer  higher  performance  solutions. 

As  a  first  step  in  the  learning  process,  we  have 
conducted  low  rate  intercalation/deintercalation  cycle  tests 
of  KS-44  synthetic  graphite  in  a  variety  of  single  and  mixed 
solvents.  These  tests  employed  lithium  coin  half-cells. 

Figure  5  shows  the  reversible  and  irreversible  capacity 
observed  with  each  solvent.  Both  EC  and  DMC  yielded 
high  reversible  capacities  but  accompanied  by  high 
irreversible  capacities  as  well.  DEC,  on  the  other  hand, 
exhibited  very  poor  perfonnance,  with  virtually  no  reversible 
capacity.  The  ethers,  DME  and  1 ,3-dioxolane,  gave  poor 
performance.  PC  gave  the  worst  performance,  exhibiting  a 
specific  irreversible  capacity  of  1030  mAh/g  and  no 
reversible  capacity. 
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Solvent 

Ftfure  5.  Spenlk  Revenible  mA  Irrevcnible  C^Mcities  for  Lonza  KS-44 
Gr^ihate  with  Vahou*  Single-Solvent  Electrolyte  Solutimu. 

Figure  6  shows  results  for  mixed  solvents.  As  expected, 
the  best  results  were  achieved  with  EC-DMC  and  EC-DEC. 
All  other  solvent  mixtures  gave  poor  performance. 


Mixed  Solvent 

Figure  6.  Spcciric  Revenible  end  bteveniUe  Ctpecities  for  Lonze  KS-44 
Grephite  with  Various  Mixed-Solvent  Electrolyte  Solutions. 

It  is  believed  that  the  reason  that  most  solvents  do  not 
work  with  graphitic  carbons  is  that  they  are  cointercalated 
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along  with  the  lithium  ions.  This  solvent  cointercalation 
results  in  extensive  exfoliation  of  the  graphite  which 
continually  exposes  fresh  surfaces  that  can  react  with  the 
electrolyte  solution.  Furthermore,  it  is  believed  that  the 
cointercalated  solvent  molecules  undergo  reductive 
decomposition  producing  gaseous  byproducts  that  can 
further  exfoliate  the  graphite. 

To  achieve  reversible  operation,  it  is  essential  that  the 
protective  film  that  forms  on  the  surface  of  the  carbon 
during  the  first  charge  (SEI  layer)  be  completely  formed 
prior  to  the  onset  of  intercalation.  We  also  believe  it 
important  that  the  SEI  layer  be  highly  inorganic  in  nature. 
Evidently,  EC  is  able  to  form  a  compact  film  very  rapidly  at 
potentials  of  about  1  .OV  or  more  positive  to  lithium. 

Although  the  results  to  date  are  limited,  they  do  provide 
some  insight  into  the  types  of  solvents  that  are  suitable  for 
use  with  graphitic  ca  bons.  For  example: 

-  DMC  has  been  shown  to  yield  high  reversible  capacities 
with  graphitic  carbons.  To  date,  EC  and  DMC  are  the 
only  solvents  identified  that  can  be  used  as  primary 
solvents  with  graphitic  carbons. 

-  Molecular  weight  seems  to  be  important  to  the 
performance  of  carbonate  solvents.  Those  having 
molecular  weights  above  1u0  perform  poorly  as  primary 
solvents  but  can  be  used  as  cosolvents  if  they  have  a 
low  dielectric  constant. 

-  Aliphatic  and  cyclic  ethers  perform  poorly  as  either 
primary  solvents  or  cosolvents. 

-  A  low  dielectric  constant  appeals  to  be  important  for 
cosolvents  to  be  used  with  EC 

These  findings  will  now  be  used  to  select  additional 
solvents  and  cosolvents  for  evaluation  with  graphitic 
carbons.  We  plan  to  pursue  a  wide  range  of  solvents  and 
solvent  types  in  a  systematic  approach  to  develop  high 
performance  electrolyte  solutions  for  use  with  the 
LiNi02/graphite  lithium-ion  technology.  We  also  plan  to 
explore  the  use  of  additives  as  a  means  to  control  and 
enhance  SEI  layer  properties  in  a  wide  range  of  electrolyte 
solutions. 

SUMMARY  AND  CONCLUSIONS 

The  LiNi02/graphite  lithium-ion  technology  is  an 
attractive  system,  capable  of  boosting  cell  capacity  and 
specific  energy  well  beyond  present  levels  achieved  using 
petroleum  coke  anodes.  However,  improvements  in  rate 
capabilities  are  needed  before  these  enhancements  can  be 
realized  at  practical  discharge  rates. 

Through  half-cell  investigations,  we  have  found  that  the 
reduced  rate  capabilities  are  not  due  to  slower  kinetics  at 
the  graphite  electrode  but,  rather,  to  effects  of  the  EC- 
based  electrolyte  solutions  used  with  the  graphitic  carbons. 
These  results,  therefore,  substantiate  the  need  for 
development  of  new,  high  performance  electrolyte  solutions 
suitable  for  use  with  graphitic  carbon  anodes. 


reversible  capacity  and  minimize  irreversible  capacity  and 
the  best  overall  performance  has  been  achieved  with 
graphites  having  large  Lc  values  and  low  surface  areas. 

Initial  half-cell  investigations  of  KS-44  synthetic  graphite 
with  a  variety  of  single  and  mixed  solvent  electrolyte 
solutions  have  been  used  to  develop  a  better 
understanding  of  the  types  of  solvents  that  are  suitable  for 
use  with  graphitic  carbons.  These  results  will  now  be  used 
to  select  additional  solvents  and  solvent  types  for 
evaluation  and  to  guide  future  experimentation. 

Through  development  of  improved  electrolyte  solutions 
and  selection  of  graphitic  carbons  with  optimized  physical 
properties,  we  are  confident  that  a  LiNi02/graphite 
prismatic  cell  technology  can  be  achieved  that  will  meet  or 
exceed  all  performance  requirements  for  Naval 
applications. 
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Although  the  type  of  graphite  does  not  appear  to 
strongly  affect  rate  capabilities,  it  does  impact  reversible 
and  irreversible  capacities.  Our  goal  is  to  maximize 
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DEVELOPMENT  OF  A  LITHIUM-ION  BB-2847  BATTERY 
David  Fouchard,  Walter  Ebner  and  Sid  Megahed 
Rayovac  Corporation,  Madison,  Wl 


A  program,  sponsored  by  the  Army  Research 
Laboratories  (ARL),  was  undertaken  at  the  Rayovac 
Corporation,  to  develop  lithium-ion  technology  suitable  for 
military  applications  and  to  demonstrate  the  technology  in 
a  BB-2847  battery  for  the  AN/PAS-13  application.  Current 
options  for  the  AN/PAS- 13  are  either  a  primary  lithium 
battery  or  a  rechargeable  nickel  cadmium  battery.  The 
former  provides  high  capacity  but  at  a  high  cost, 
particularly  for  training  missions.  The  latter  is  relatively 
inexpensive  over  its  lifetime,  but  provides  only  limited 
operating  time.  A  higher  energy  density  secondary  battery 
is  therefore  needed  that  can  extend  performance  beyond 
the  levels  presently  achieved  with  nickel  cadmium 
batteries,  and  that  can  offer  a  significant  cost  advantage 
over  primary  lithium  batteries  for  training  missions. 

The  system  selected  for  initial  development  was  the 
carbon/LiNi02  "rocking  chair”  or  "lithium-ion"  system.  De¬ 
velopment  was  undertaken  stepwise  through  coin  cells. 
AA-cells,  D-cells  and  the  BB-2847  battery  with  two  C-cells 
and  an  integrated  battery  controller.  The  development  re¬ 
sulted  in  a  safe  secondary  battery  with  significant  energy 
density  advantages  over  the  nickel  cadmium  battery. 

Introduction 

The  Army  needs  superior,  cost  effective,  rechargeable 
batteries  to  provide  power  to  an  increasingly  wide  range 
of  man-portable  electronics  equipment(l).  While  tradi¬ 
tional  rechargeable  batteries  such  as  Ni/Cd  and  Pb-acid 
batteries  have  received  limited  use  in  these  applications, 
they  are  heavy  and  often  cannot  provide  sufficient  energy 
in  a  man-portable  package  What  is  needed  is  a  new 
generation  of  safe,  lightweight,  high  energy  rechargeable 
batteries. 

To  fulfill  this  need,  considerable  effort  has  been  made 
during  the  past  decade  to  develop  rechargeable  lithium 
cells.  These  systems  offered  promise  of  high  specific  en¬ 
ergies,  excellent  charge  retention  and  good  low  tempera¬ 
ture  performance.  However,  no  practical  rechargeable 
lithium  batteries  have  been  achieved  to  date,  primarily 
due  to  the  failure  to  resolve  serious  safety  issues(2). 

More  recently,  the  rocking  chair  (RCT)  or  lithium-ion 
technology  has  emerged  as  a  viable  alternative  to  re¬ 
chargeable  lithium  ceils(3).  This  is  a  lithium-like  technol¬ 
ogy  that  replaces  the  problematic  metallic  lithium  anode 
with  a  low  molecular  weight  intercalation  electrode,  typi¬ 
cally  petroleum  coke  or  a  pyrolytic  carbon.  By  doing  this, 
the  safety  issues  related  to  the  presence  of  metallic  lith¬ 
ium  and  the  dendritic  deposition  of  metallic  lithium  are 
eliminated.  Thus,  lithium-ion  is  intrinsically  a  much  safer 
technology  than  a  rechargeable  lithium  technology.  It 
also  offers  long  cycle  life  combined  with  moderate  ca¬ 
pacities,  rate  capabilities,  and  an  energy  density  that  ex¬ 


ceeds  all  long  lived  aqueous  rechargeable  batteries.  The 
lithium-ion  technology  also  has  a  high  commercial  (dual 
use)  potential.  This  paper  describes  the  development  of 
such  a  technology  for  military  applications,  and  its  dem¬ 
onstration  in  a  BB-2847  battery  for  the  AN/PAS-13  appli¬ 
cation. 

Approach 

The  BB-2847  battery  is  a  nominal  6  V  system, 
rectangular  in  shape,  measuring  3.75"  by  2.55"  by  1.50" . 
For  the  AN/PAS-13  application,  continuous  discharge 
rates  of  approximately  2  A  are  required,  with  a  pulse 
capability  to  5  A.  Our  approach  was  to  use  2  series 
connected  D-cells,  using  the  carbon/LiNi02  lithium-ion 
system.  The  dimensions  of  the  BB-2847  are  such  that  2 
D-cells  and  a  small  control  circuit  can  be  accommodated. 
The  use  of  a  dedicated  controller  can  greatly  enhance  the 
performance  and  safety  of  such  a  system,  and  as  such, 
was  an  important  component  of  the  battery. 

Cell  Design 

The  materials  chosen  for  this  development  effort  were 
petroleum  coke  (Conoco)  for  the  anode  and  LiNi02  for 
the  cathode.  The  LiNi02  was  prepared  in-house  by  react¬ 
ing  LiOH  and  Ni(OH)2  under  O2.  Electrodes  were  pre¬ 
pared  from  the  materials  by  slurry  coating  both  sides  of 
25  pm  metal  foils,  copper  for  the  anode  and  aluminum  for 
the  cathode.  After  coating  and  drying,  the  electrodes  were 
densified  by  repetitively  passing  through  compression 
rollers  with  successively  smaller  gap  settings.  Typically, 
the  cathodes  were  225  pm  thick  with  a  density  of  2.4 
g/cm3  and  the  anodes  275  pm  thick  with  a  density  of  1.3 
g/cm3,  producing  a  working  surface  area  of  1,100  cm^  in 
a  D-cell.  The  electrodes  were  spirally  wound  with  Celgard 
2400  separator  and  inserted  into  standard  D-size  cans. 
After  beading  and  attaching  tabs,  the  cells  were  closed  by 
crimping  around  a  molded  polypropylene  header  having 
an  integral  vent  panel  and  a  stainless  steel  feed-through. 
Cells  were  then  vacuum  filled  through  the  feed-through 
and  sealed  by  forcing  a  stainless  steel  ball  into  the  open¬ 
ing. 

D-Cell  Performance 

Discharge  rate  capability  determination  of  cells  was 
carried  out  by  sequentially  discharging  to  2.0  V  at 
progressively  lower  currents  with  a  30  minute  rest 
between  each  discharge.  The  data  from  such  a  test  are 
shown  in  Figure  1  which  plots  cumulative  discharge 
capacity  as  a  function  of  discharge  current.  It  can  be  seen 
that  the  delivered  capacity  ranged  from  3.25  Ah  at  4.4  A 
(4  mA/cm2)  to  3.71  Ah  at  0.018  A  (0.02  mA/cm2).  The 
energy  density  values  calculated  from  these  data  are  226 
Wh/I  and  104  Wh/kg  at  2  A,  and  252  Wh/1  and  115  Wh/kg 


at  low  rates.  The  material  utilization  values  as  a  function 
of  current  density  for  the  same  cell  are  shown  in  Figure  2. 
Note  that  the  anode  utilization  ranged  from  166  to  190 
mAh/g  while  the  cathode  ranged  from  128  to  146  mAh/g. 
These  values  are  all  close  to  Ax  of  0.5,  a  value  typical  for 
both  petroleum  coke  (LixCg)  and  LixNi02. 
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•  PTC  fuse  (Raychem  Polyswitch),  the  primary  current 
limiting  device 

•  Klixon  device  (Texas  Instruments),  the  secondary 

current  limiting  device  and  the  primary  over-tem¬ 

perature  control  device  (75^C), 

•  Thermal  fuses  (Elmwood),  the  secondary  over¬ 

temperature  control  device  (85°C). 

All  of  the  devices  are  auto-resetting  except  the 
thermal  fuses. 

The  charge  control  section  of  the  controller 

incorporates  the  following  functions; 

•  Diode  protection  for  polarity  reversal 

•  Cell  equalization 

•  High  voltage  cutoff 

•  Temperature  compensation. 
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Figure  1 .  Discharge  Rate  Capability  of  the  Lithium-Ion  D-Cell  at  25*C 
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Figure  2.  Electrode  Utilization  Values  as  a  Function  of  Current 
Density  for  the  Lithium-Ion  D-Cell  at  25‘’C 


A  dedicated  control  circuit  was  developed  for  the  B6- 
2847  in  order  to  achieve  maximum  performance,  reliabil¬ 
ity  and  safety  from  the  battery.  A  block  diagram  of  the  cir¬ 
cuit  is  shown  in  Figure  3.  Note  that  the  circuit  is  entirely 
analog.  The  two  series-connected  D-cells  interface  with 
separate  charge  and  discharge  connectors.  A  number  of 
protective  devices  are  common  to  both  the  charge  and 
discharge  ports,  and  are  wired  in  series  with  the  cells. 
They  are; 


Cell  equalization  consists  of  parallel  bypass  resistors 
for  each  cell,  controlled  through  an  operational  amplifier 
and  a  precision  voltage  reference.  When  a  cell  reaches 
4.0  V  during  charge,  the  bypass  resistor  is  connected 
across  the  cell,  limiting  its  voltage  while  the  cells  continue 
to  charge.  Near  the  end  of  charge,  both  cells  would 
normally  be  in  the  bypass  mode.  The  system  corrects  for 
minor  differences  in  cell  capacity,  enabling  full  battery 
capacity  to  be  realized.  The  high  voltage  protection  circuit 
monitors  battery  voltage  and  will  turn  off  a  FET  switch  if 
voltage  levels  exceed  8.35  V,  stopping  the  charge.  This 
protection  would  be  required  in  the  event  of  a  charger 
malfunction,  or  the  use  of  a  high  voltage,  non-standard 
charger.  The  voltages  of  the  high  voltage  protection  and 
equalization  circuits  are  temperature  compensated  at  -6 
mV/®C  and  -3  mV/°C  respectively.  This  was  done  to 
match  the  -6mV/°C  temperature  compensation  of  the 
charger.  The  purpose  of  the  temperature  compensation 
was  two-fold;  to  raise  the  charging  voltage  at  low 
temperatures  to  ensure  complete  charging  in  a 
reasonable  time,  and  to  limit  charge  voltages  at  high 
temperatures  to  extend  battery  life. 

The  discharge  control  section  of  the  controller 
contains  a  lower  voltage  cutoff  function,  and  a  protective 
circuit  to  limit  charging  through  the  discharge  connector. 
Individual  lower  voltage  cutoffs  for  each  cell  are  used,  set 
at  1.8  V.  When  either  cell  reaches  this  value,  a  FET 
switch  is  turned  off,  stopping  the  discharge.  The  voltage 
loss  associated  with  using  a  diode  to  prevent  charging 
through  the  discharge  port  was  deemed  too  large  in  a  2- 
cell  battery  such  as  the  BB-2847,  therefore  an  alternate 
circuit  was  required.  The  circuit  senses  both  voltage  and 
charge  current  in  the  discharge  port,  and  turns  off  a 
second  FET  switch  if  either  is  excessive.  The  voltage 
penalty  for  the  second  FET  is  only  25  mV,  rather  than 
several  hundred  mV  for  a  diode,  and  therefore  does  not 
introduce  significant  energy  losses. 

The  quiescent  current  of  the  control  circuit  is  approxi¬ 
mately  120  pA.  This  represents  a  storage  period  of  1.4 
years  for  a  50%  loss  of  battery  capacity  .  The  circuit  was 
fabricated  on  a  custom  PC  board  measuring  2.4  x1.3”, 
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equivalent  to  the  cross-sectional  area  of  the  BB-2847 
case.  The  complete  layout  of  the  battery  is  shown  in 
Figure  4.  A  molded  ABS  case  was  used,  with  charge  and 
discharge  connectors  on  the  front  face.  The  complete 
package  weighed  approximately  295  g. 
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Figure  4.  General  Leyout  of  die  Uihium-Ion  BB2847  Batieiy. 


Battery  Performance 


temperature  value.  Average  voltage  values  were  6.05  V 
and  5.86  V  respectively.  An  illustration  of  the  pulse 
discharge  capability  of  the  battery  is  shown  in  Figure  7. 
After  charging  to  8.0  V,  the  battery  was  discharged  to  4  V 
in  a  pulse  sequence  of  5  A  for  20  s  followed  by  a  40  s 
rest.  The  battery  was  then  rested  for  30  minutes,  and 
finally  discharged  at  1  A  to  4.0  V  to  determine  the  residual 
capacity.  The  graph  shows  battery  voltage  and  capacity 
versus  time.  It  can  be  seen  that  96  pulses  were  achieved 
within  the  specified  voltage  limits,  equivalent  to  2,666 
mAh.  The  1A  residual  capacity  was  523  mAh,  for  a  total 
of  3.1 89  mAh. 


A  charging  curve  for  a  BB-2847  battery  is  shown  in 
Figure  5.  Battery  voltage,  cell  voltages,  capacity  and  the 
voltage  across  the  equalization  resistors  are  alt  plotted 
versus  charging  time.  The  charger  voltage  was  set  at 
8.30  V  in  order  to  achieve  a  nominal  8.0  V  across  the  2 
series  cells  and  0.3  V  across  the  series  diode.  With  the 
current  limited  to  1  A,  the  first  cell  reached  4.0  V  in  2.8  h, 
whereupon  the  equalization  circuit  activated  as  evidenced 
by  a  voltage  appearing  across  the  bypass  resistor.  After 
4.4  h,  the  second  cell  reached  4.0  V,  and  that 
equalization  circuit  activated,  indicative  of  a  complete 
charge.  Shortly  after  this,  an  over-voltage  condition  was 
deliberately  created  by  raising  the  charger  voltage.  The 
battery  voltage  and  current  increased  over  the  next  1.2  h, 
until  the  over-voltage  protection  circuit  activated,  stopping 
the  charge.  Peak  voltage  values  were  8.38  V  for  the  bat¬ 
tery,  and  4.16  and  4.18  V  for  the  cells. 


Figure  6.  Comparison  of  Discharge  Profiles  at  25°C  and  -20°C  for 
BB-2847  Battery  046.  Discharge  Rate  2A  to  4.0V 


Figure?.  Discharge  Profile  for  BB-2847  Battery  017  for  the  High 
Rate  Pulse  Discharge  Test  at  25°C 
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Figure  5  Illustration  of  the  Equalization  and  High  Voltage  Protection 
Systems  in  the  BB-2847  Controller 

Typical  discharge  curves  for  the  BB-2847  at  2  A, 
including  25°C  and  -20‘’C  ambient,  are  shown  in  Figure  6. 
In  this  case  the  capacity  at  25°C  was  3,147  mAh,  while 
the  -20°C  capacity  was  2,389  mAh,  76%  of  the  room 


A  cycle  life  test  of  a  typical  battery  is  shown  in  Figure 
8.  The  voltage  range  was  8. 0/4.0  V  with  a  2  A  discharge 
rate.  Every  20  cycles,  the  discharge  was  continued  until 
the  lower  voltage  cutoff  of  the  battery  activated  (one  cell 
reaching  1.8  V).  The  capacity  for  this  battery  was  3,316 
mAh  initially,  2,903  mAh  after  50  cycles  and  2,528  mAh 
after  80  cycles.  This  represents  88%  retained  capacity 
after  50  cycles  and  76%  after  80  cycles.  It  should  be 
noted  that  these  cells  were  optimized  for  capacity  and 
rate,  with  a  cycle  life  requirement  of  only  100  cycles. 

There  is  considerable  latitude  to  extend  the  cycle  life 
with  minor  tradeoffs  in  capacity,  and  this  is  illustrated  in 
figure  9.  This  figure  compares  cycling  performance  of  AA- 
cells  optimized  in  different  ways.  In  one  case  the  cell  was 
optimized  for  maximum  capacity  and  a  cycle  life 
requirement  of  100  cycles,  similar  to  the  D-cells  for  the 
BB-2847  batteries.  The  other  cell  was  optimized  for 
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longer  cycle  life  at  a  lower  capacity.  Cycling  conditions 
were  4.0  to  2.0  V,  with  a  discharge  rate  of  2  mA/cm2  It 
can  be  seen  that  the  high  capacity  cell  delivered 
approximately  30%  more  capacity  initially,  but  faded  to 
80%  of  its  peak  capacity  in  140  cycles,  versus  500  cycles 
for  the  other  cell.  This  demonstrates  the  flexibility  of  the 
technology  in  fulfilling  a  wide  variety  of  applications. 
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Figures  Cycle  Life  Test  of  BB-2847  Battery  012.  Voltage  Range 
8/4V,  Discharge  at  2A,  Room  Temperature 


Figure  9  Comparison  of  Cycle  Life  of  AA-Cells  Optimized  for  a  1 00 
Cycle  Requirement  With  Those  Optimized  for  Longer 
Cycle  Life  Voltage  Range  4/2V,  Discharge  2  mA/cm^. 
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Summary 

A  lithium-ion  technology,  suitable  for  military 
applications  was  developed  and  demonstrated  in  a  BB- 
2847  battery.  Using  petroleum  coke  and  LiNi02  active 
materials.  D-cells  having  energy  density  values  of  252 
Wh/I,  115  Wh/kg  at  low  rates  and  226  Wh/I,  104  Wh/kg  at 
a  2  A  rate  were  demonstrated.  Using  2  D-cells  in 
conjunction  with  a  dedicate^'  battery  controller  and 
charger,  a  complete  system  offering  high  performance, 
reliability  and  abuse  tolerance  was  achieved.  The  system 
offers  an  attractive  alternative  to  the  present  options  of  an 
expensive,  high  performance  lithium  primary  battery,  and 
an  inexpensive  but  limited  performance  Ni/Cd  system. 
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LITHIUM  LIKE  RECHARGEABLE  BATTERY 


Robert  J.  Staniewicz,  Angela  S.  Gambrell,  and  Gabriel  Castro 
Sail  R&D  Center 
107  Beaver  Court 
Cockeysville,  MD  21030 


Introduction 

A  lithium  like  rechargeable  battery  replaces  metallic  lithium  with  a 
lithium  ion  intercalation  carbon  electrode  which  operates  somewhat 
positive  of  the  Li°/Li*  potential.  Carbon  intercalation  negatives 
offer  a  cycle  life  of  at  least  1,000  cycles,  promise  of  consumer  type 
safety,  and  rapid  charge  between  C/6  to  C  rates  to  100%  DOD,  all 
superior  characteristics  compared  metallic  lithium  rechargeable 
cells.  Presently,  energy  density  of  a  LiON*  Li(C)/LiNi02  cell, 
referenced  to  a  small  Ni-Cd  or  Ni'metal  hydride  cell  offers  between 
100  to  150%  improvement  at  1 13  Wh/kg  and  250  Wh/L. 

Our  work  has  focused  on  designing  and  building  proof-of-concept 
D  cells  and  small  prismatic  cells  with  LiNi02  positives  and  graphite 
negative  electrodes.  Some  studies  have  focused  on  electrode 
binder  studies  and  evaluation  of  D  cell  power  capabilities,  and 
cycling  life.  The  LiON*  chemistry  in  the  present  configuration 
offers  the  promise  of  dual  use  technology  -  able  to  meet  projected 
applications  as  the  BB-2847  or  BB-2S90  for  the  military  and 
consumer  use. 

General  Experimental  Methods 

The  positive  material,  LiNi02,  was  synthesized  by  the  method  in  US 
Patent  4,980,080  while  graphite  carbon  was  used  as  the  negative. 
Positive  electrodes  were  prepared  by  two  methods,  a  previously 
reported  PTFE  aqueous  process*”  used  expanded  A1  screen  while 
the  other  method,  a  LiNi02  suspension  [prepared  with  PVDF  and 
N-methylpyrolidone  (NMP)]  which  was  coated  onto  an  A1  foil 
substrate  and  then  dried  at  approximately  120  °C.  The  graphite 
electrode  was  PTFE  bonded  onto  an  expanded  Cu  substrate  or 
coated  onto  Cu  foil  using  an  emulsion  of  graphite,  PVDF  and 
NMP.  Binder  content  as  a  percentage  of  active  material  was 
generally  between  4  to  12%  depending  on  the  process.  Cylindrical 
D  cells  were  constructed  from  the  PTFE  bonded  electrodes  wWle 
small  prismatic  cells  used  the  PVDF  bonded  electrodes.  The 
separator  was  Celgard  2400,  electrolyte  was  IM  LiPF«  EC/DMC 
prepared  in  house,  and  cell  hardware  was  Ni  plated  steel.  Cells 
were  charged  the  first  cycle  at  a  C/10  to  C/20  rate  to  4.1  V  while 
subsequent  cycles  used  considerably  faster  charging  rates  at  C/6  to 
C/2.  Discharge  was  performed  to  a  2.5  V  cutoff  and  MACCOR 
testing  equipment  was  used  for  all  charge/discharge 
characterizations. 

Results  and  Discussion 

A  key  point  to  designing  lithium  ion  cells  is  to  understand  the 
electrocherracal  performance  of  the  half  cell  materials,  since  there  is 
no  reference  electrode  when  complete  Li  ion  cells  are  built  and 
tested.  A  convenient  approach  is  to  study  the  behavior  of  metallic 
Li/graphite  and  metallic  Li/LiNi02  cells,  the  lithium  negatives  also 
served  as  quasi  reference  electrodes.  These  lithium  half  cells  of 
LiNi02  and  graphite  exhibited  the  following  intrinsic  behavior  under 
C/10  charging  rate  and  C/3  discharge  rates: 


1.  LiNi02  showed  a  capacity  of  180  mAh/g  when  charged  to 
the  4.10  V  limit,  or  0.65  lithium  de-intercalated  from 
LiNiCb. 

2.  Safi’s  graphite  required  450  mAh/g  when  charged  to  0  V. 

3.  The  first  charge  of  the  graphite  consumed  approximately 
30%  of  the  charge  (135  mAh/g )  to  form  an  SEI  layer. 

4.  Maximum  reversible  graphite  capacity  at  C/3  was  320 
mAh/g,  or  Lio.MC6. 

5.  Reversible  capacity  for  LiNi02  was  1 26  mAh/g  based  on  the 
70%  reversible  capacity  of  the  graphite. 

With  these  experimentally  determined  electrochemical  constants,  it 
was  then  possible  to  design  complete  cells  using  graphite  negatives 
and  LiNi02  positives. 

The  cycling  performance  of  our  first  D  cell,  built  in  February,  1993, 
is  shown  in  Figure  I .  The  electrodes  used  in  this  D  cell  were  PTFE 
bonded  on  A1  or  Cu  expanded  grids.  The  discharge  rate  was  1  A  to 
a  2.5  V  cutoff  while  the  charging  method  approximated  a  C/6  rate. 
The  charging  voltage  lintit  was  changed  four  times,  giving  rise  to 
the  stepped  nature  of  the  curve  shown  in  Figure  1,  the  first  limit 
was  3.9  V,  then  4.0  V  to  80  cycles,  4.05  V  to  500  cycles,  4.1  V  to 
800  cycles  and,  finally,  4.2  V  afrer  800  cycles  Since  these  first 
generation  D  cells  had  less  than  10  Wh  total  energy,  we  knew  that 
improvements  in  energy  were  possible.  This  led  to  the  latest 
generation  of  D  cells  using  PTFE  bonded  electrodes.  These  13  Wh 
D  cells  have  energy  densities  of  1 13  Wh/kg  and  264  Wh/L  at  a  C/3 
discharge  rate.  The  performance  is  tabulated  in  Table  1  for  various 
constant  current  and  constant  power  rates.  This  cell  was  also 
tested  via  a  dynamic  stress  test  (DST)  which  is  used  to  evaluate 
potential  rechargeable  candidates  for  electric  vehicle  applications. 
The  DST  profile  consists  of  pulse  discharge  at  various  power  levels 
and  regenerative  charing  pulses,  all  of  which  are  indexed  to  a  peak 
demand  of  120  or  150  Wh/kg.  The  Safi  graphite/LiNi02 
electrochemistry,  as  tested  in  D  cells  (Figures  2  and  3),  provides 
108  Wh/kg  when  a  120  W/kg  peak  power  is  demanded  and  102 
Wh/kg  at  1 50  W/kg  peak  power. 

Evaluations  of  reverse  roll  coated  electrodes  of  LiNi02  on 
0.0178mm  A1  foil  and  graphite  on  0.01mm  Cu  foil  have  been  made 
using  PVDF  as  a  binder  for  both  electrodes.  We  decided  to 
evaluate  these  electrodes  in  small  prismatic  cells  with  an  internal 
volume  of  14  cm’.  Since  the  first  charge  for  a  lithium  ion  cell 
involves  SEI  formation  on  graphite,  there  is  a  solvent  reduction  on 
the  graphite  surface,  giving  rise  to  some  gas  evolution™.  We 
reasoned  that  this  gas  could  cause  deformation  of  the  case, 
therefore,  the  cells  were  not  sealed  and  the  gases  were  allowed  to 
escape  via  tubing  to  an  inverted  buret  filled  with  mineral  oil 
(roughly  3-7  cm’  of  gas  was  measured  for  a  1  Ah  charge). 
Following  the  first  three  cycles,  the  fill  port  was  then  welded  shut. 
The  discharge  capacity  as  a  function  of  cycle  number  is  shown  in 
Figure  4.  This  cell,  having  an  active  surface  area  of  325  cm’,  was 
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discharged  at  C/3,  or  0.2S  A.  and  charged  in  two  hours  to  a  voltage 
cutoff  or4  I  V  and  a  taper  charge  of  SO  mA 

An  interesting  experiment  was  conducted  with  another  prismatic 
cell  of  nominal  0.4S  Ah  at  100%  DOD  to  2.5  V.  This  cell  was 
initiated  on  a  60%  [X)D  discharge  profile  to  0  27  Ah  at  0.22S  A 
and  the  charge  was  90  mA  to  a  0  27  Ah  cutoff.  This  means  the 
charge  was  not  terminated  to  a  fixed  voltage  cutoff  but  was  allowed 
to  seek  its  own  equilibrium  to  deliver  0  27  Ah.  The  charge  voltage 
cutoff  was  initially  4.02  V  and  declined  with  cycling  We  chose  to 
cycle  the  “middle”  60%  of  capacity  (0.27  Ah)  of  the  0  45  Ah  cell, 
leaving  20%  of  the  charged  capacity  (0  09  Ah)  uncycled.  The 
results  are  somewhat  surprising  in  that  the  average  discharge  and 
charge  voltage  decreased  with  cycle  number.  This  means  that  the 
cell  reached  a  lower  discharge  cutoff  voltage  with  successive  cycles 
and  a  lower  charge  cutoff  voltage  with  successive  cycles  We 
speculate  that  this  behavior  occurred  because  of  a  constant  but  slow 
self-discharge  of  the  uncycled  0.09  Ah  capacity  Self-discharge 
could  cause  the  discharge  to  reach  lower  voltages  because  the 
“state  of  change”  of  the  cell  is  decreasing  This  behavior,  in  turn, 
gives  rise  to  the  lower  charge  cutoff  voltage  The  overall  behavior 
occurs  because  the  charge  in  and  out  are  perfectly  matched  and 
there  is  no  excess  charge  to  compensate  for  the  self-discharge 


Copciusiont 

The  LiON*  electrochemistry  shows  good  cycling  and  energy 
behavior  for  some  early  proof-of-concept  cells  Both  PTFE  and 
PVDF  bonded  electrodes  have  been  investigated,  at  this  early  point 
in  our  investigations  we  cannot  conclude  which  electrode 
technology  is  electrochemically  superior  Energy  density  in  D  cells 
was  demonstrated  at  1 13  Wh/kg  (compared  to  45  Wh/kg  Ni-Cd*') 
and  250  Wh/L  (compared  to  90  Wh/L  Ni-Cd*). 
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Figure  4.  Nominal  0.75Ah  prismatic  cell;  charge  time  is  2  hours  with  a  taper  charge;  Figure  5.  Prismatic  cell  discharged  and  charged  to  a  fixed  0.27  Ah  (60%  DOD). 
discharge  is  0.25A  (C/3). 


INVESTIGATIONS  OF  DOPING  EFFECTS  IN  THE  UMn,0«  SPINEL  SYSTEM 

Jeffrey  A.  Read,  Ralph  IVise,  C.  C.  Liang 
Ultralife  Batteries  Inc.,  Newark,  NY 


Introduction 

The  LiMn204  spinel  system  has  been  investigated  as  a 
cathode  material  in  the  next  generation  of  rechargeable  lithium 
ion  batteries’.  The  main  advantages  of  the  LiMn204  spinel 
system  are  cost,  lack  of  toxic  metals  such  as  cobalt  or  nickel, 
and  high  cathode  potential  versus  lithium^.  The  main 
disadvantages  are  low  capacity  and  cyclability  as  compared  to 
LiCoO,  and  LiNiO^. 

To  investigate  the  possibility  of  improving  both  the 
capacity  and  cycle  life  of  LiMn204  materials,  the  spinel  system 
was  doped  with  Ag  and  Cu  in  mole  ratios  of  approximately  1% 
to  8%  of  the  Mn  content.  The  objective  was  to  perturb  the 
lattice  structure  in  order  to  improve  the  electrochemical 
properties.  Galvanostatic  cycling  studies  were  conducted  to 
investigate  the  effects  of  doping  on  both  capacity  and  cycling 
behavior. 

Experimental 

Ag  and  Cu  doped  Li,agMn204  spinels  were  prepared 
from  Li2C03,  Mn02 ,  and  either  AgNOj  or  pure  Cu  metal.  Ag 
was  doped  at  a  level  appropriate  to  form  Li,  o6Ago4Mn204.  Cu 
was  doped  at  appropriate  levels  to  form  spinels  with  the 
formulas  Li,  06Cu2,Mn2.,O4  where  x=  .01,  .02,  and  .08.  Samples 
were  prepared  by  reacting  the  starting  materials  at  800‘'C  for 
3  days,  grinding  the  products,  then  annealing  for  3  more  days 
at  800‘’C. 

Electrodes  were  prepared  by  mixing  the  spinel,  carbon 
black  and  an  Ethylene  Propylene  Diene  Monomer  (EPDM) 
rubber  in  a  ratio  of  92:4:4  in  cyclohexane.  The  resulting 
slurries  were  then  spin  coated  onto  pretreated  aluminium  disks. 
Electrodes  were  dried  at  200‘’C  under  vacuum  for  12  hours, 
then  compressed  to  a  density  of  approximately  2.3  glee. 

Electrodes  with  typical  active  weights  of  .01  g  to  .04  g 
were  cycled  at  .5mA/cm*  versus  a  lithium  counter  electrode. 
A  lithium  reference  electrode  was  used.  The  electrolyte  used 
for  all  cycling  studies  was  LiPF,  in  EC:DMC  (67:33  by  weight). 
Cycling  studies  were  carried  out  on  a  Schlumberger  S1 1280 
Electrochemical  Measurement  Unit. 

X-Ray  powder  patterns  were  recorded  on  a  Scintag 
PAD-V  diffractometer  with  CuKi  radiation.  Atomic  Emission 
spectra  were  recorded  on  a  Perkin- Elmer  ICP/6500. 

Results 

The  powder  x-ray  diffraction  patterns  of  the  doped 
spinels  are  identical  to  the  undoped  material.  The  crystalinity 
remains  high  in  the  doped  materials  as  indicated  by  the  sharp 
powder  lines.  There  are  no  extra  phases  observed. 

Atomic  emission  spectra  of  the  electrolyte  solutions 
used  for  cycling  studies  reveal  the  presence  of  Ag^  Cu*.  and 
Mn‘*  ions.  The  weight  of  Ag*  ion  found  in  these  electrolyte 
solutions  is  equivalent  to  the  weight  of  Ag  originally  doped  into 
the  spinel  electrodes.  Typically  0.4  mg  to  1.0  mg  of  Ag  would 
be  present  in  the  doped  electrode.  After  several  cycles  all  of 


the  silver  would  be  found  in  the  electrolyte.  The  weight  of  Cu* 
ion  detected  in  the  electrolyte  solutions  is  equivelent  to  1%  of 
the  weight  of  Cu  doped  into  the  electrodes.  Typically  0.2  mg 
to  1.6  mg  of  Cu  is  present  in  the  doped  electrodes.  The 
electrolyte  solutions  typically  contain  .0025  mg  of  Cu*  ion  after 
cycling.  Cu^*  ions  cannot  be  detected  in  the  electrolytes  at  an 
instrument  detection  limit  of  .01  ppm.  Mn^*  is  detected  in  all  of 
the  electrolyte  solutions  but  only  in  amounts  that  represent  less 
than  .1%  of  the  Mn  content  in  the  electrodes. 

The  first  charge  /  discharge  cycle  for  Li,  o5Ago4Mn204  is 
shown  in  figure  1.  The  charge  cun/e  shows  two  distinct 
plateaus,  one  at  4.04  V  and  a  second  at  4.16  V.  This  behavior 
is  similar  to  the  undoped  material  shown  in  figure  2.  The 
capacity  on  discharge  is  depressed  in  the  doped  material  as 
compared  to  the  undoped  spinel.  The  capacity  of  the  Ag 
doped  spinel  remains  constant  at  84  mAh/g  upon  cycling. 


Figure  1 .  First  charge  /  discharge  cycle  for 

Lli  .06  Ag  (j4Mn204. 


Figure  2.  Charge  /  discharge  cycle  for  Li,  ggMn204. 
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l-i|  atAgo«Mn204  electrodes  were  also  discharged  below 
3.0  V  to  observe  the  2.7  V  lithium  intercalation  plateau.  The 
discharge  cunre  is  shown  in  figure  3.  The  electrode  material 
accepts  lithium  ions  at  2.7  V,  but  subsequent  cycling  behavior 
is  severely  damaged.  The  next  discharge  cycle  shown  in 
figure  4  gives  a  capacity  above  3.0  V  of  only  32  mAh/g  as 
compared  to  84  mAh/g  on  the  previous  discharge.  Figure  4 
shows  that  the  4.0  V  sites  in  the  spinet  are  being  lost  or 
modified  when  lithium  is  ailowed  to  enter  the  lower  potential 
sites.  The  sloping  of  the  discharge  curve  indicates  that  there 
is  mixing  of  high  and  low  potential  sites  in  the  materiai. 


Figure  3.  i-ii  osAg^MfijO^  discharge  below  3.0  V. 


Figure  4.  Discharge  of  Li,  „Ago4Mnj04  electrode  after 
cycling  below  3.0  V. 


The  first  charge  cunres  for  the  Li,  ogCu2,Mnj.,04  materials 
with  x=  .01,  and  .08  are  shown  in  figure  5.  The  x=.02  material 
shows  the  same  charge  and  discharge  cunres  as  for  the  x=.08 
material.  The  x=.0l  material  appears  to  be  similar  to  the 
undoped  spinel,  shown  in  figure  2,  with  sii^tly  decreased 
capacity.  The  charging  cun/e  for  the  x=.08  material  in  contrast 
shows  a  large  decrease  in  capacity  and  a  lack  of  flat  plateau 


regions.  The  first  discharge  cunres  for  these  materials  are 
shown  in  figure  6.  Discharge  capacity  is  severely  depressed 
as  the  doping  concentration  increases.  In  addition,  the  x=.08 
electrode  does  not  show  a  level  discharge.  The  Cu  doped 
materials  were  discharged  below  3.0  V  and  show  capacity  in 
the  2.7  V  region. 
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Figure  5.  Charging  cun/es  for  the  Li,  06Cu2,Mnj.,O4  materials 

with  x=.01  and  x=.08. 
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Figure  6.  Discharge  cun/es  for  the  Li,  05Cu2,Mnj.,O4 
materials  with  x=.01  and  x=.08. 


l-'i.a6Ago4Mn204  clearly  looses  all  of  its  Ag  in  the  form  of 
Ag*  ions  upon  cycling  as  shown  by  the  analysis  of  the 
electrolyte.  The  charge  and  discharge  cunres  of  the  Ag  doped 
material  show  distinct  voltage  plateaus.  The  powder  x-ray 
diffraction  pattern  is  sharp,  indicating  a  high  degree  of 
crystalinity.  The  cycling  behavior  also  indicates  a  stable  and 
ordered  lattice  structure.  The  doping  of  Ag  into  the  lattice 
does  not  appear  to  disturb  the  normal  spinel  behavior.  The  Ag 
ions  may  simply  act  as  a  substitute  for  Li*  ions  in  the  lattice. 
The  Ag*  ions  leave  the  lattice  along  with  the  Li*  ions  when  the 
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spinel  electrode  is  charged,  stkI  remain  in  solution  as  Li*  ions 
cycle  in  and  out  ot  the  spinel  lattice. 

Discharge  of  the  Li,  g^g  o4Mn,04  material  below  3.0  V 
does  result  in  the  intercalation  of  Li*  ions  into  2.7  V  sites.  The 
discharge  of  lithium  into  the  lattice  at  2.7  V  results  in  a 
decrease  in  capacity  upon  the  next  discharge  cycle.  The 
intercalation  of  lithium  into  these  2.7  V  sites  must  therefore 
change  the  lattice  structure,  altering  the  structure  around  the 
4.0  V  sites  and  possibly  creating  defects  in  the  lattice. 

The  Cu  doped  materials  show  a  small  loss  of  Cu*  ions 
from  the  lattice.  Approximately  1%  of  the  Cu  is  lost  into  the 
electrolyte  from  the  electrodes.  No  Cu^*  ions  are  observed  in 
the  electrolyte.  The  small  loss  of  Cu  from  the  doped  spinel 
materials  would  indicate  that  most  of  the  Cu  atoms  occupy 
sites  in  the  spinel  lattice  normally  occupied  by  Mn  atoms.  The 
small  percentage  of  Cu*  ions  found  in  the  electrolyte  could 
arise  either  from  breakdown  of  the  lattice  structure  or  from  de¬ 
intercalation  of  Cu*  ions  doped  into  Li*  lattice  positions.  These 
results  would  indicate  that  at  least  99%  of  the  Cu  atoms  doped 
into  the  spinel  occupy  positions  normally  occupied  by  Mn 
atoms.  Therefore,  the  formula  for  the  materials  is  correctly 
written  as  Li,  agCu2,Mn2.,04. 

The  charge  and  discharge  curves  for  Li,  ggCu2,Mn2..04 
with  x=.01  show  distinct  voltage  plateaus.  The  powder  x-ray 
diffraction  pattern  is  sharp,  indicating  a  high  degree  of 
crystalinity.  The  cycling  behavior  also  indicates  a  stable  and 
ordered  lattice  structure.  The  doping  of  Cu  into  the  lattice  at 
this  level  does  not  appear  to  disturb  the  normal  spinel 
behavior,  and  may  simply  act  as  a  substitute  for  Mn**  ions  in 
the  lattice. 

The  charge  and  discharge  curves  for  Li,  06Cu2,Mn2,,O4 
with  x=.02  and  x=.08  do  not  show  flat  voltage  plateaus.  The 
cycling  behavior  is  poor.  The  sloping  charge  and  discharge 
curves,  particularly  obvious  in  the  x=.08  material,  are  proof  the 
lattice  is  disorder^.  These  curves  also  indicate,  that  a  degree 
of  mixing  has  occured  between  the  4.0  V  and  2.7  V  sites.  The 
doping  of  Cu  into  the  lattice  at  these  levels  has  disturbed  the 
normal  cycling  behavior.  The  substitution  of  Cu*^  ions  into 
Mn**  sites  may  have  resulted  in  the  presence  of  a  large 
number  of  defects.  A  large  number  of  defects  would  create  an 
unstable  lattice,  resulting  in  poor  cycling  behavior. 

Discharge  of  the  Li,  2gCu2,Mn2.,04  materials  below  3.0  V 
does  result  in  the  intercalation  of  Li*  ions  into  2.7  V  sites.  The 
discharge  of  lithium  into  the  lattice  at  2.7  V  results  in  a 
decrease  in  capacity  upon  the  next  discharge  cycle.  The 
intercalation  of  lithium  into  these  low  potential  sites  must 
change  the  lattice  structure  and  alter  the  environment  around 
the  4.0  V  sites. 


1.  J.M.  Tarascon  arrd  D.  Guyomard,  Elecirochemica  Acta, 
Vol  38,  9,  1221  (1993). 

2.  I.  Paul  and  J.  Knight,  Chem.  and  Ind.  24,  820  (1989). 


Conclusions 

The  doping  of  Ag  and  Cu  into  the  LiMn204  materials 
decreased  the  capacity  of  the  spinel  system.  The  Ag  atoms 
occupy  positions  in  the  spinel  structure  normally  occupied  by 
Li  atoms.  Ag  is  lost  from  the  lattice  upon  charging  and  does 
not  affect  the  cycling  behavior.  The  Cu  atoms  occupy 
positions  in  the  lattice  normally  occupied  by  Mn  atoms.  At  low 
doping  levels  of  Cu,  the  spinel  cycling  behavior  is  unaffected. 
At  higher  doping  levels  the  capacity  was  greatly  decreased  and 
the  cycling  behavior  was  poor. 
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PEM  FUEL  CELLS  FOR  PASSIVE  OPERATION 


Otto  J.  Adlhart  and  Peter  Rohonyi 
AF  Sammer  Corporation 
Ringwood,  New  Jersey 


Introbictioa 

The  PEM  fuel  cell  first  devel(q)ed  by  the  General 
Electric  company  for  the  Gemini  program  in  the  1960’s  (1) 
has  undergone  substantial  changes  in  recent  years.  With 
the  availability  of  high  performance  ionexchange 
membranes  the  PEM  fuel  cell  became  suitable  for  a  broad 
range  of  power  requirements. 

The  new  PEM  cell  relies  on  non-porous  graphite 
structures  and  bipolar  constructirm.  (2)  The  non-porous 
bipolar  plates  have  the  disadvantage  that  product  water 
removal  has  to  rely  on  oxygen  or  air  recirculation. 

This  problem  was  overcome  by  the  patented  PEM 
cell  develop^  by  the  EPSI  division  of  AF  Sammer  Corp. 
(3,4)  The  Sammer  cell  (Figure  1.)  relies  on  an  ABA 
construction  with  porous  carbon  collector  A  elements  and 
gas-impervious  sheet  metal  B  elements  for  reactant 
separation.  The  porous  collector  facilitates  mobility  of 
piquet  water  in  the  cell  and  makes  possible  its  eventual 
passive  rejection  from  the  cell  stack  by  means  of  a 
gas/water  separator. 


This  unique  feature  facilitates  integration  of  the 
PEM  fuel  cell  with  a  chemical  hydrr^en  generator.  The 
chemical  hydrogen  generator  utilizes  the  fuel  cell  product 
water  to  react  with  a  metal  hydride  forming  hydrogen  and 
hydroxides.  Dqtending  on  the  choice  of  the  hydride  the 
quantity  of  hydrogen  formed  can  equal  that  consumed  in 
the  fhel  cell,  eliminating  the  need  for  disposal 
considerations.  This  is  an  important  a^tect  in  closed 
systems  i.e.  underwato^  vdiicles. 


Development  a>jectives 

The  key  objective  of  the  effort  discussed  below  was 
the  development  of  a  rugged,  reliable,  cost  effective  and 
versatile  hydrogen  fueled  PEM  fuel  cell  suitable  for 
operation  with  either  oxygen  or  air.  For  the  fabrication  of 
this  advanced  fuel  cell  conventional  manufacturing 
technology  and  non-exotic  materials  of  construction  were 
to  be  utili^. 
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Development  Results 


The  development  effort  resulted  in  a  PEM  fuel  cell 
with  salient  features  as  detailed  below: 

•  Non-metallic  element,  consisting  of 

impervious  glassy  carbon,  which  in  addition  to  the 
cell  separation  function  also  acts  as  a  frame, 
housing  the  "A"  element. (Figure  2.) 
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^  figure  2. 

AF  Sommer  PEM  Cell  configurolion 


The  water/gas  separation  port, 

(Figure  4.)  relies  on  a  hydrophilic  microporous 
membrane  to  reject  the  product  water  to  ambient  or 
to  be  used  in  a  chemical  hydride  hydrogen 
generator  which  is  also  being  develqred  by 
Sammer. 
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•  Hydrophilic  "A”  element,  comprising  of  a  porous 
carbon  disc  which  permits  prehumidification  of  the 
reactants  by  the  pr^uct  water.  The  prehumidified 
reactants  enter  the  flow  field  at  a  predetermined 
location  eliminating  the  risk  of  membrane  dry  out. 
(Figure  3.) 

o  Product  water  collects  easily  in  the  flow  field  and 
gravitates  towards  the  wicldng  manifold  port  to  be 
wicked  to  and  rejected  via  a  water/gas  separation 
port  from  the  cell  stack. 
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Figure  3. 


•  Sealing  is  done  by  commercial  ”Viton”  O-rings  of 
sufficient  cross  section  to  permit  for  manufacturing 
irregularities  and  still  seal  reliably. 

•  Cooling  is  facilitated  either  by  designated  cooling 
cells  interspersed  through  the  stack  for  internal 
water  cooling  or  by  an  external  water  cooling 
jacket.  Forced  air  cooling  is  also  a  viable  option 
for  lower  power  levels  as  the  heat  is  conducted  to 
the  stack  surface  by  the  ceil  components. 

•  Unitized  individual  cells  facilitate  assembly  and 
disassembly. 

•  External  tie  and  positioning  rods  facilitating 
assembly  and  trouble  shooting  are  being  used. 


Draper  Uboratorv  PEM  Cell 

The  combination  of  some  of  the  above  salient 
features  have  been  utilized  in  the  Sammer  20  Ampere  stack 
under  construction  for  Draper  Laboratories.  (Figure  5). 


Sommer  Fuel  Cell  -  Hydrophilic  Corbon  Colleclor  with  Reoclonl  Prehumidil'colion 


The  PEM  fuel  cell  for  Draper  Laboratories  consists 
of  four  stacks  of  36  cells  each,  designed  to  provide  IIS 
Volts  @  20  Amps.  It  is  to  operate  with  an  external  water 
cooling  jacket  where  contact  between  the  stack  and  the 
jacket  will  be  ensured  by  heat  transfer  grease. 
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Figure  5. 

The  Draper  Laboratories  Fuel  Cell 


The  Sammer  150  Ampere  Stack 

The  ISO  Ampere  PEM  fuel  cell  is  the  building 
element  for  the  development  of  2  and  S  kw  water  cooled 
stack  modules  (Figure  6.)-  These  modules  will  be 
integrated  into  fully  automated  hydrogen/oxygen  power 
plants.  As  the  Draper  cell  it  relies  on  a  circular  cell 
configuration.  The  active  area  of  this  cell  is  300  cm’. 

External  tie  and  positioning  rods  are  utilized.  This 
feature  together  with  the  unitized  cell  construction 
facilitates  the  removal  or  exchange  of  individual  cells. 
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Heat  Removal  In  Ambient  Pressure  PEM  Cell  Stacks 

V.  Marshall,  J.  Kalland,  P.  Grosjaan,  D.  BloomfMd 
Analytic  Power  Coip.,  Boston,  MA 


Introduction 

In  recent  years  PEM  fuel  cell  technology  has  evolved  to  the 
point  u4iere  compact,  lightweight  stacks  are  practical  in  the  range  of 
2S  to  SOO  watts.  Extended  operation  however  requires  proper  heat 
and  water  management  in  the  fuel  cell.  The  vapor  pressure 
characteristics  of  water  and  the  hydrophilic  nature  of  the  ion 
exchange  membranes  intimately  link  the  heat  and  water  balance  of 
these  cells.  Coupling  also  occurs  between  the  cell  performance  and 
the  heat  and  water  management.  This  paper  concentrates  on  the 
heat  removal  requirements  of  these  cells  and  the  consequences  of 
inadequate  thermal  management.  We  also  identify  the  limitations 
of  free  convection  and  detail  the  benefits  of  forced  convection 
cooling  for  PEM  cells.  While  testing  was  conducted  on  stacks  in  the 
range  of  23  to  250  watts,  the  concepts  discussed  are  applicable  to 
higher  power  levels  and  power  densities. 


A  model  of  the  stack  cathode  with  an  integral  cooler  is  shown 
in  Figure  1 .  The  stacks  run  dead-ended  on  pure  Hj,  so,  to  simplify 
the  model  we  chose  to  neglect  any  mass  transfer  to  or  fixrm  the 
anode. 


REACTANT  AIR  COOLING  AIR 


If  there  is  good  thermal  conductivity  between  the  cathode  and 
cooler  cavities  then  the  cathode  exit  tert^rerature  will  tend  to  follow 
the  cooler  exit  temperature  (T,).  The  equilibrium  temperature  at  the 
cathode  therefore  determines  the  maximum  tenqrerature  differential 
available  for  convective  heat  transfer.  The  heat  flux  from  the  cell 
reaction  depends  on  the  cell  performance  and  is  calculated  by: 

Qc=3.413*J*(Eo/Vc-l)  (Btu/hr-ft^) 

Where  J  is  the  cirnent  density  (A/ft^),  Eo  is  the  open  circuit  cell 
potential,  and  Vc  is  the  cell  (^rerating  voltage  at  J.  External  heat 
loss  frmn  the  outside  of  the  stack  is  neglected  and  heat  transfer  is 
assumed  to  occur  only  as  convection  to  the  coolant  air.  The  required 
convective  heat  transfer  coefficient  is  calculated  by: 

h.  =  Qc/(T.-T«nb)  (BtuAir-tf-°F) 

For  modeling  purposes  we  used  the  performance  curve  shown 
in  Figure  2  and  asswned  that  it  remained  constant.  This 
performance  is  an  average  of  several  122  cm’  cells  in  a  stack  cooled 
h .  forced  convection.  The  cell  perforttumce  will  of  course  change 
during  qreration  but,  our  qrproach  is  conservative  in  that  the 
performance  used  for  the  model  corresponds  to  a  maximum 
performance  level  and  therefore  a  lower  heat  flux.  The  heat  transfer 
coefficients  calculated  in  this  maimer  ate  therefore  minimum 
allowable  values  given  the  assunqrtions  made. 


Figgre  2  -  Cdl  Performance 


Figure  1  -  Ambient  Cell  Model 

Flow  in  the  cathode  and  coolant  cavities  is  co-current  and  air  is 
assumed  to  be  at  70°F,  40%  r.h.  and  1  atm.  Our  model  balances  the 
water  exiting  the  cathode  at  (3)  with  that  entering  with  the  reactant 
air  at  ( 1 )  plus  the  amount  produced  in  the  cell  at  (2).  We  assume 
that  all  of  the  water  leaves  the  cathode  as  vapor  and  that  the  relative 
humidity  there  is  100%.  The  temperature  at  the  cathode  exit  is 
then  calculated  using  steam  tables  and  the  mole  fraction  of  water  at 
the  exit.  This  exit  temperature  represents  steady  state  equilibrium 
of  water  into  and  out  of  the  catho^  of  the  cell.  We  refer  to  this  as 
the  cell  equilibrium  temperature. 


The  cathode  stoichiometric  oxygen  flow  at  ( 1 )  is: 

Moj  =  2.056E-5  •  Vc  *  J  (Ib-mol/hr-ft’) 

with  an  oxygen  utilization  UO,  the  cathode  dry  inlet  air  flow  is: 

Me«h  =  (Mo2  •  4.76)  /  UO  •  28.97  (Ih/hr-ft’ ) 

The  cooling  flow  of  air  to  remove  the  heat  of  the  cell  per  unit  of  cell 
area  is  given  by: 

Mcool  ~  Qc  /(Cp*(To(il  ■  Tnib))  (llVlir-  ft’) 
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Effects  of  Reactant  Flow  on  Cooliny  Reouirements 

Using  the  model  outlined  above,  heat  transfer  coefficients 
were  calculated  as  a  function  of  cell  operating  voltage  for  constant 
oxygen  utilizations  of 20,40,  and  60%.  At  this  point  the  mode  of 
cooling  IS  completely  arbitrary,  we  are  simply  identifying  minimum 

heat  transfer  requirements  for  the  assumed  performance  level.  The 

results  are  shown  in  Figure  3  along  with  the  corre^xmding 
exit  equilibrium  temperatures  for  each  case. 
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Figure  3  -  Minimum  Heat  Transfer  Coefficients 


The  effect  of  cathode  reactant  flow  is  twofold.  Since  the  cathode 
reactant  comes  in  at  less  than  100%  r.h.,  higher  flows  (lower 
utilizations)  carry  more  water  out  of  the  cell.  In  order  tor  the  system 
to  balance  the  water  and  keep  the  cell  from  drying  out  at  higher  flow 
rates,  the  cathode  exit  temperature  must  be  kept  lower  than  If  the 
flow  rate  was  small.  This  lower  temperature  differential  requires  a 
much  higher  heat  transfer  coefficient  to  remove  waste  heat  than  the 
same  cell  operating  at  the  same  level  but  at  a  higher  utilization,  hi 
other  words,  two  identical  cells  operating  at  the  same  level  and 
generating  the  same  quantity  of  heat,  can  have  significantly  different 
heat  transfer  requirements  simply  because  of  differences  in  their 
cathode  flow  rates.  The  graph  shows  that,  from  a  heat  transfer  point 
of  view.  It  IS  advantageous  to  be  able  to  operate  the  cathode  at  high 
utilizations. 
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Figure  4  -  CooUng/Reactant  Ratios 


Limitations  of  free  ctMivection 

Table  1  shows  typical  accepted  heat  transfer  coefficients  fra 
various  conditions  The  model  we  have  presented  suggests  that  the 
minimum  operating  voltage  a  cell  cooled  by  free  convection  should 
be  about  .8  volts  since  this  is  where  the  minimum  heat  transfer 
coefficients  exceed  S  Btu/hr-fl^-°F.  A  more  detailed  analysis  of  the 
heat  transfer  coefficient  in  terms  of  the  geometry  of  the  stack  and  the 
available  temperature  differentials  however,  results  in  even  lower 
values. 

Convective  Heat  Transfer  Coefficients 


Condition 

Air,  free  convectirai 
Air,  forced  craivection 
Oil,  forced  convection 
Water,  forced  convection 


hfBtuflir-ft^-°Fi 

1-5 

5-50 

10-300 

50-2,000 


Fra  simple  vertical  plates  in  air  at  standard  conditions,  the  following 
approximation  fra  the  heat  transfer  coefficient  can  be  used': 


In  designing  air-cooled  stacks  it  is  important  to  know  the  ratio 
of  air  used  for  cooling  and  that  used  fra  cell  reaction.  We  define  a 
flow  ratio  Rf  which  is  simply  the  amount  of  cooling  air  divided  by 
die  amount  of  reactant  air  required  at  equilibrium  conditirais.  An 
interesting  result  of  our  model  is  shovra  in  Figure  4.  This  is  a  plot 
of  the  flow  ratios  as  a  fimctirai  of  cell  voltage  for  three  constant 
reactant  flows  (as  qrposed  to  constant  utilizations).  Note  that  the 
ratio  is  independent  of  the  cathode  flow  and  is  a  direct  function  of 
the  cell  voltage.  It  is  also  significant  that  the  smallest  ratio  is  about 
1.0  at  .9  volts/cell.  Ihis  means  that  even  at  low  heat  fluxes  you  still 
need  about  10  times  the  reactant  flow  just  to  cool  the  cell. 

Since  volumetric  flows  are  generally  determined  by  pressure 
drop  and  geometry,  it  is  theoretically  possible  to  the 
geometry  of  the  cooling  and  reactant  channels  around  a  specific  cell 
voltage.  The  problem  here  is  that  this  curve  represents  equilibrium 
conditions  -  operating  the  cell  below  the  curve  would  result  in  too 
little  cooling  flow  (overheat)  while  operation  above  the  curve  would 
result  in  flooding.  To  complicate  things  even  further,  the  curve  is 
contmually  shifting  up  and  down  itself  as  the  cell  performance 
changes. 


he  =  0.28  •  [(AT)/  Lf*  (Btu/hr-ft^-'T) 

For  a  4”  high  plate  at  160"F,  he  is  about  1.1  Btu/hr-ft^-®F.  Since  the 
cooler  cavities  are  integral  with  the  cell  stack,  we  can  consider  them 
instead  as  two  parallel  vertical  plates  with  a  height  L  and  spaced 
some  distance  h  (ft)  apart.  To  dis.sipate  the  maximum  amount  of 
heat  with  a  diatomic  gas,  Kreith^  gives  the  following  approximation 
fra  the  optimum  spacing: 

hop.  =  2.9*  {J}'*  *11.  *V*)I  (g*'^  *4  ’(T,  -T) 

Where  L  is  the  plate  height  (ft),  T  is  the  mean  gas  temperature  (°R), 
Tt  is  the  surface  temperature  of  the  plate  (°R),  U(  is  the  gas  viscosity 
(Ibn/ft-sec)  at  T,,  d.  is  the  gas  density  (Ibm/ft^)  at  T,,  and  g  is  32.2 
ft/sec^.  The  maximum  heat  transfer  coefficient  can  then  be 
calculated  by: 

h«  =  k.  /  hop.  •  Nu*  (Btuftir-ft''-”F) 

Where  ki  is  the  thermal  conductivity  of  the  gas  at  Tt 
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and  Ni4  is  the  average  Nusselt  number  calculated  for  b.  Both 
equations  give  similar  numbers  for  he . 

Nusselt  numbers  which  represent  maximum  heat  transfer  rates 
per  unit  area  are  given  in  Figure  S. 


Figure  5  -  Nusselt  Numbers  for  Free  Couvectioa 

Based  on  this  data,  a  series  of  curves  were  generated  (Figure  6) 
which  show  the  maximum  heat  transfer  coefficient  as  a  function  of 
the  flow  length  (plate  height  L)  for  plate  surface  temperatures  of 
100,  130,  and  160°F.  Again  we  assumed  an  ambient  air  temperature 
of  70°F.  Note  that  heat  transfer  coefficients  greater  than  2  ody 
appear  for  extremely  short  flow  lengths.  For  flow  lengths  of  1*10  in, 
which  would  correspemd  to  the  cathode  path  length  for  stacks  in  the 
25  -  500  watt  power  range,  the  coefficient  is  limited  to  between  I 
and  2.  It  is  also  significant  that  there  is  little  gain  in  heat  transfer 
between  plates  at  lOOT  and  those  at  160T.  This  is  important  since 

it  precludes  the  use  of  high  AT’s  to  significantly  enhance  heat 
transfer. 


«.TfiaaF 

,^Tc130F 

.*-Ts<160F 
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Figure  6  -  Maximum  Tbeoretical  Heat  Transfer 
Coeffkieats 


By  matching  the  theoretical  coefficients  in  Figure  6  with  the 
required  coefllcicnts  of  Figure  3  we  see  that  the  lowest  design  cell 
voltage  for  free  convection  would  be  limited  to  values  above  .90 
volts/cell.  While  operation  at  this  point  may  be  very  efficient,  at 
best  the  power  density  is  only  about  16  W/ft^,  making  it  impractical 
for  most  applicatiems. 

Single  Cell  1  Atm  Testing 

While  it  is  obvious  that  excessive  overheating  of  an  ambient 
pressure  PEM  cell  will  eventually  result  in  dry  out  of  the  membrane. 


we  were  interested  in  the  rate  at  which  this  might  occur  and  whether 
the  effect  could  be  reversed  if  die  cell  were  operatiim  on  dry  H]  aid 
air.  To  examine  these  effects  we  ran  a  single  40  cm^cell  in  test 
hardware  which  consisted  of  carbon  fiber  flowfields  sandwiched 
between  1/2”  water  cooled  plates.  The  results  of  the  tests  are  shown 
in  Figures  7  AS. 

The  cell’s  pertbrmance  was  surprisingly  high  for  1  atm 
operation  on  dry  gases  -  it  operated  steadily  a  about  .5  volts  and 
430  A/fi^  and  showed  a  limiting  minent  density  of  about  900  A/fl^. 
The  cell  mainUtined  (his  level  until  about  160  minutes  into  testing 
when  the  cell  temperature  was  deliberately  increased  to  155  T  over 
the  next  40  minutes.  The  effect  on  performance  was  significant. 

The  cell  resistance  climbed  from  4.5  milliohtns  to  687  milliduns 
and  the  limiting  current  density  fell  to  just  23  A/ft^.  After  operating 
the  cell  a  this  conditim  for  several  mirmtes  it  was  then  cooled  down 
to  1  lOT  in  25  minutes  while  being  operated  a  limiting  current 
density.  In  this  time  the  cell  resistance  fell  and  the  limiting  current 
rose  steadily.  When  the  temperature  fell  back  to  1 10°F  the  load  on 
the  cell  was  adjusted  so  tha  the  cell  voltage  was  again  a  .5  volts. 
Thecurrentde^tyhere  was  now  about  370  A/fi^.  Thisisabout 
86%  of  its  initial  performance  level. 


Tbw»(pK| 


Figure  8 -Cdl  Voltage 

The  difference  in  the  performance  levels  might  be  explained  by  file 
hysterisis  which  Nation  exhibits  when  dried  a  hi^  temperatures 
a^  mibsequenfiy  re-hydrated.  This  tea  not  only  shows  the 
importance  of  hea  removal  in  regards  to  cell  poformance,  but  it 
also  imifiies  tha  cells  whuh  have  been  dried  out  may  regain  mudi. 
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if  not  all,  of  their  initial  perfonnance  level  once  proper  heat  transfer  are,  on  the  other  hand,  very  nearly  steady  state  as  these  stacks  have 
is  re-instituted.  demonstrated  continuous  operation  fw  several  hours. 


Results  of  stack  testing 


Conclusions 


Figures  9  and  10  show  the  relative  perfonnance  of  a  25  cell  fiee 
convection  stack  and  an  18  cell  finced  convection  stack.  Both  stacks 
are  comprised  of  identical  cells  with  active  areas  of  about  18.9  in^. 
The  free  convection  stack  has  no  separate  coolers  so  all  of  the 
cooling  air  must  flow  past  the  cathode  of  the  cell.  The  forced 
convection  stack  on  the  other  hand  has  separate  cooler  elements 
which  effectively  split  the  cooling  and  reactant  air.  It  is  clear  that 
the  forced  convection  stack  achieves  higher  perfonnance  - 
especially  around  .7  volts/cell. 


□  2501  Free  Ccinv 
A  18Cea  Rxced  CDnv 


To  date  most  research  and  modeling  of  PEM  cells  has 
concentrated  on  pressurized  operation.  The  problems  of  thennal  and 
water  numagement  in  these  cells  is  well  documented.  The  ambient 
pressure  stack  appears,  on  the  outside,  to  be  a  lower  power  density, 
simplified  version  of  these  pressurized  units.  The  redity  is  that 
ambient  pressure  stacks  represent  the  extreme  of  the  thennal  and 
water  management  problem.  The  low  operating  pressure  makes 
these  cells  sensitive  to  utilization  and  allows  significantly  higher 
mole  flections  of  water  than  are  possible  in  premized  stacks.  The 
low  power  density  conq)ounds  the  problem  ^  limiting  the  amount 
of  water  being  added  to  the  gas  stream.  The  result  is  a  unit  which  is 
super-sensitive  to  reactant  and  coolant  flows,  yet  as  our  tests  have 
shown  can  operate  steady  state  at  moderate  power  densities  if 
properly  controlled. 

The  results  of  testing  of  both  free  and  forced  convection  cooled, 
ambient  pressure  stacks  have  shown  that  fiee  convection  is 
impractical  for  design  cell  voltages  below  .8  volt/cell.  Operation  of 
stacks  at  lower  cell  voltages  (higher  power  densities)  results  in 
overheating  and  dry-out  of  the  membrane  with  a  correqxinding  loss 
of  performance.  Forced  convection  stacks  with  identical  anode  and 
cathode  structures  but  with  separate  integral  coolers  have  shown 
continuous  operation  at  power  densities  of  90  W/ft’  and  voltages  of 
.7  volts/cell.  Although  these  stacks  have  an  additional  structural 
element  which  increases  their  size  and  weight,  the  higher  power 
density  results  in  an  overall  reduction  in  the  specific  weight, 
volume,  and  cost.  The  penalty  in  parasite  power  is  about  1%  of  the 
gross  power. 


Figure  9  -  Cell  Voltt^  vs.  Current  Density 


Modeling  of  the  heat  and  mass  transfer,  as  well  as  the 
geometry  of  the  cathode  of  ambient  pressure  stacks  has  shown  that 
Ae  limiting  factor  in  the  power  density  of  stacks  cooled  by  fiee 
convection  is  the  low  overall  heat  transfer  coefficients.  Fot 
continuous  operation  of  fiee  convection  stacks  cell  voltages  should 
be  kept  arou^  .9  volts/cell.  Heat  transfer  coefficients  for  forced 
convection  in  the  temperature  range  of  interest  will  probably  not 
exceed  10  Btu/hr-fl^-°F.  This  will  allow  forced  convection  to  handle 
the  heat  transfer  requirements  of  ceils  down  to  operating  voltages  of 
.6  volts/cell  based  on  i»esent  perfonnance.  However,  power 
densities  in  excess  of  about  1 10  Vl/ft?  will  have  to  be  achieved 
through  increases  in  cell  performance  for  forced  convection  air  to 
remain  effective. 
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Figure  10  -  Cell  Voltage  vs.  Power  Density 


As  Figure  10  shows,  forced  convection  effectively  triples  the  power 
density  of  ambient  PEM  cells.  The  data  of  the  fiee  convection  stack 
show  higher  power  densities  than  predicted  by  our  model  but,  these 
operating  conditions  are  not  steady  state.  The  forced  convection  data 
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TREATMENT  OF  PERFLUORINATED  ION-EXCHANGE  MEMBRANES  (NAFION®) 
TO  INCREASE  WATER  ABSORPHON  AND  IONIC  CONDUCTIVITY. 

Shoibal  Baneijee 

DuPont  Company,  Wilmington,  DE 


Introduction 

The  need  for  development  of  higher  performance 
membranes  becomes  clear  from  the  following  considerations.  The 
polarization  curve  of  a  fuel  cell  plots  voltage  vs.  current  density 
and  defines  power  output.  A  typical  polarization  curve  has  three 
distinct  regions.  At  low  current  density,  ohmic  losses  are  small, 
and  polarization  at  the  cathode  controls  the  cell  potential.  As  the 
current  density  increases,  ohmic  loses  grow  and  the  curve  becomes 
roughly  linear,  in  this  region  the  slope  is  inversly  proportional  to 
the  electrical  conductivity.  The  proton  conductivity  of  the 
polymer  electrolyte  membrane  contributes  significantly  to  the 
overall  electrical  conductivity  of  the  PEM  fuel  cell  assembly. 
Further  increase  of  current  density  causes  an  even  sharper  drop  in 
the  polarization  curve  caused  by  reactant  mass  transfer  limitations. 

The  intermediate  region  of  the  polarization  curve  is  where 
the  power  output  of  the  cell  is  normally  useful  for  practical 
applications.  The  conductivity  of  the  membrane  controls  the  slope 
in  this  region,  and  it  depends  mainly  on  two  interrelated  factors.  In 
the  low  current  density  region,  conductivity  depends  upon  inherent 
membrane  properties  such  as  total  water  content  or  degree  of 
hydration  for  a  given  thickness.  As  the  current  density  is  increased, 
more  water  is  dragged  from  the  anode  (electro-osmotic  drag)  and  a 
concentration  gradient  builds  up  to  counteract  the  electro-osmotic 
drag,  thus  increasing  the  resistance  of  the  membrane  to  proton 
conduction.  One  key  to  developing  higher  performance  fuel  cells 
is  to  develop  PEMs  that  have  inherently  higher  degree  of  hydration 
provide  (improved  conductivity)  and  for  improved  water 
management. 

In  our  laboratory  we  have  discovered  that  irradiating 
Nafion®  polymers  with  electron  beam  causes  significant  change  in 
the  structure  of  the  polymer  which  results  in  increased  water 
absorption  and  conductivity  without  sacrificing  mechanical 
strength.  The  results  of  this  work  are  presented  in  this  paper. 

Experiments  &  Results 


Infrared  Sfudig? 

Two  forms  of  the  Nafion®  polymer  ,  the  sulfonyl  fluoride 
form  and  the  sulfonate  salt  (potassium)  form  were  irradiated  under 
vacuum  at  four  different  dosage  levels  (1,3,S  and  9  mega  rad). 
FTIR  spectra  of  the  sulfonyl  fluoride  form  of  Nafion®  as  a 
function  of  irradiation  dosage  were  obtained.  The  spectrum  of  the 
un-irradiated  sample  (control)  was  subtracted  from  the  spectrum  of 
the  irradiated  samples.  The  resulting  spectra  shows  that  two 
carbonyl  bands  at  1778  cm'l  and  1811  cm'^  grows  with  increasing 
radiation  dosage.  These  bands  are  assigned  as  dimeric  acid  type 
C=0  at  1778cm  '  *  and  monomeric  acid  type  C=0  at  18 1 1cm  ’  * . 

In  order  to  determine  whether  the  electron  beam  is  affecting 
the  sulfonyl  fluoride  group  on  the  side  chain  or  the  perfluorinated 
back  bone  we  carried  out  a  semi-quantitative  analysis  of  the 
infrared  bands.  We  determined  the  integrated  area  of  the  1778 
cm  band  normalized  it  to  the  area  of  the  2359  cm  "1  band  which 
is  an  over  tone  of  the  C-F  bending  mode  and  has  been  used  as  the 
internal  standard.  Similarly  the  area  of  the  sulfonyl  fluoride  side 
group  band  at  2703  cm’l  was  also  normalized.  Figure  1  shows  the 
plot  of 


Figure  I 

these  normalized  areas  as  function  of  radiation  dosage,  here  we  see 
that  the  1778  cm'l  band  is  growing  almost  linearly  with  the  dosage 
whereas  the  sulfonyl  fluoride  band  does  not  change  with  radiation 
dosage.  This  indicates  that  the  sulfonyl  fluoride  group  remains 
relatively  unaffected  by  the  radiation  where  as  the  C=0  functional 
groups  are  probably  forming  on  the  fluorocarbon  backbone. 

The  irradiated  samples  were  hydrolyzed  and  the  FTIR 
spectra  of  the  irradiated  and  hydrolyzed  membranes  were  obtained 
In  Figure  4  we  see  that  the  181 1  cm'*  band  has  disappeared  and  in 
addition  to  the  1778  cm'*  band  two  other  bands  have  appeared  at 
1692  cm'*  and  1628  cm'*.  The  new  bands  are  assigned  as 
carboxylic  salt  C=0  at  1692  cm'*  and  water  at  1628  cm'*  A 
semi-quantitative  analysis  similar  to  Figure  1  was  done  on  these 
spectra  and  the  results  are  displayed  in  Figure  2,  here  we  see  that 
both  the  amount  of  the  carboxylate  C=0  formed  as  evidenced  by 
the  growth  of  the  1692  cm'*  band 


Figure  2 
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and  the  carboxylic  acid  type  C=0  at  1778  cm'^  increase  with  the 
radiation  dosage.  The  carboxylate  C=0  is  primarily  formed  by 
conversion  of  the  monomeric  acid  type  C=0  at  181 1cm' ^  .  and 
may  be  a  reactive  species  is  formed  which  gets  converted  to  the 
carboxylate  salt  when  the  samples  are  hydrolyzed. 

Irradiation  of  the  sulfonate  form  of  Nafion® 

FTIR  spectra  of  the  sulfonate  (K+)  form  of  the  polymer 
irradiated  at  different  dosage  levels  were  also  obtained.  The  results 
show  »he  growth  of  the  1778  cm'*  band  (the  dimeric  acid  type 
C=0),  but  unlike  the  sulfonyl  fluoride  form  there  is  no  appearance 
of  the  monomeric  acid  type  C=0  band  at  1811  cm'^  .  Figure  3 
shows  a  plot  of  the  normalized  band  (1778  cm'l)  area  versus 
irradiation  dosage,  the  data  shows  that  although  the 


Figure  3 

area  grows  with  irradiation,  it  levels  out  beyond  4.5  Mrads,  unlike 
the  sulfonyl  fluoride  form. 

To  determine  if  the  acid  type  C=0  species  in  the  irradiated 
polymer  is  reactive,  we  re-hydrolyzed  the  irradiated  films.  FTIR 
spectra  of  the  irradiated,  re-hydrolyzed  membranes  were  obtained, 
and  the  SMCtra  shows  that  unlike  the  sulfonyl  fluoride  form  the 
1778  cm'*  band  has  completely  disappeared  and  two  new  bands  at 
1692  cm'*  and  1628  cm'*  have  appeared,  as  before  these  bands 
are  assigned  to  carboxylate  type  and  water  respectively. 

To  determine  whether  nonvolatile  low  molecular  products 
were  formed  in  the  polymer  films  due  to  irradiation,  Soxhelt 
extraction  of  the  irradiated  membranes  were  carried  out.  FTIR 
analysis  of  both  the  extracted  films  and  the  extract  did  not  show 
any  significant  formation  of  non-volatile  low  molecular  products. 

Water  Absorption 

Figures  4  and  S  show  the  water  absorption  of  the  irradiated 
films  as  a  function  of  the  radiation  dosage. 


Figure  4 


Figure  5 

In  Figure  4  both  sets  of  films  are  in  the  potassium  salt  form 
and  in  Figure  5  they  are  in  the  acid  form.  These  data  show  that 
firstly,  the  water  absorption  increases  on  irradiating  the  Nafion® 
membranes,  secondly  the  increase  in  water  absorption  for  the 
membranes  that  were  irradiated  in  the  sulfonyl  form  is  significantly 
higher  than  the  films  that  were  irradiated  in  the  potassium  salt  form 
at  all  levels  of  radiation  dosage,  and  finally  there  is  a  maximum  in 
water  absorption  around  4  mega  rads  dosage  for  both  forms  of  the 
membranes. 

A  possible  explanation  for  the  higher  water  absorption  of 
the  XR  films  that  were  irradiated  in  the  sulfonyl  fluoride  form  may 
be  the  presence  of  the  carboxylate  C=0  species  at  1692  cm'* 
which  is  ionic  and  would  absorb  more  water.  We  tested  this 
speculation  by  measuring  the  water  absorption  of  the  XR  films  that 
were  irradiated  in  the 
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potassium  salt  form  and  then  re-hydrolyzed  because  these  films 
have  the  similar  carboxylate  C=0  (1692  cm'*)  species.  The  water 
absorption  data  is  shown  Figure  6.  Here  it  can  be  seen  that  the 
water  absorption  of  the  re-hydrolyzed  film  is  significantly  higher 
than  the  original  films  at  all  levels  of  radiation  dosage. 

Tensile  Properties 

The  tensile  properties  were  measured  in  the  sulfonic  acid  form  of 
both  the  films.  The  films  were  dried  overnight  at  1(X)  degC. 


Figure  7 


Figure  8 


The  tensile  modulus  and  the  tensile  stress  at  10%  elongation  as  a 
function  of  radiation  dosage  are  displayed  in  Figures  7  and  8 
respectively.  From  the  plots  it  is  seen  that  at  these  levels  of 
irradiation  none  of  these  properties  are  significantly  altered. 

Ionic  Conductivity 

Ionic  conductivity  of  electron  beam  irradiated  membranes 
were  determined  by  dielectric  analysis.  The  polymers  used  in  this 
case  was  our  standard  commercial  N115  membranes.  The 
membranes  were  conditioned  at  50%  relative  humidity  (RH)  for 
one  week  and  the  measurements  were  done  in  controled 
environment  to  maintain  the  RH  conditions. 

Figure  9  shows  the  variation  of  conductivity  with 
temperature  for  membranes  irradiated  0,  1,5,  10  and  20  Mrads  we 
see  that  the  conductivity  increases  significantly  as  the  radition 
dosage  is  increased.  The  increase  in  conductivity  is  maximum  at 
lOMrad  dose  where  it  about  two  orders  of  magnitude  higher  than 
the  (unirradiated)  control  sample. 


Figure  9 

Conclusion 

Electron  beam  irradiation  treatment  of  perfluorosulfonic 
acid  membranes  generates  ionic  groups  in  the  polymer 
structure.  These  ionic  groups  are  responsible  for  increased 
water  absorption  and  conductivity  of  the  membranes. 
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Recent  Advances  in  Direct  Oxidation  Fud-Cdl  Technology 

S.  Surampudi,  H.  Frank,  S.  Narayanan,  and  G.  Halpert 
Jet  Propulsion  Laboratory 
and 

C.  Cropley,  J.  Kosek,  and  A.  Laconti 
Giner,  Inc. 

ABSTRACT 

Development  of  fuel  cells  that  can  operate  directly  on  fuel  such  as  methanol  and 
hydrocarbons  has  been  pursued  since  the  19S0s.  Several  synthetic  fuels  such  as 
hydrocarbons,  alcohols,  aldehydes,  glycols,  and  hydrazine  have  been  considered  for 
direct-fuel  cell  applications.  Among  these  fuels,  methanol  has  received  most  attention 
in  view  of  its  widespread  availability.  Prior  to  1990,  the  existing  DMFCs  exhibited 
limited  performance,  i.e.,  low  operating  voltages  (less  than  0.3  V)  at  low  rates  Oess 
than  30  mA/cm^).  This  performance  level  is  far  short  of  the  power  density  required 
to  compete  with  batteries.  Recently,  there  has  been  a  breakthrough  in  the  devel¬ 
opment  of  DMFC  technology  at  JPL  in  collaboration  with  Giner,  Inc.  and  USC. 
This  breakthrough  involved  demonstration  of  an  output  of  300  mA/cm^  at  O.S  V 
at  90* C  which  is  20  x  higher  than  that  reported  to  date. 
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DIRECT  METHANOL  FUEL  CELL  STACK  DEVELOPMENT 
Donald  L.  Maiich,  Brian  L  Murach,  Laslia  L  Van  Dina 
International  Fuel  Cells,  South  Windsor.  Ct 


Introduction 

The  ARPA  Low  Tenq>erature  Direct  Oxidation  Fuel  Cell 
Program  has  the  objective  of  advancing  direct  oxidation  fuel  cells  to 
the  stack  demonstration  level  IFC  as  a  commercial  fuel  cell 
manufiicturer  peiforms  two  major  functions  in  the  ARPA  program: 
1)  Identify  potential  DOD  applications  for  direct  oxidation  fuel 
ceils,  and  set  cell  performance  goals  that  would  meet  the 
application's  power  requirements  in  a  fiilly  leamed-out  power 
n^ule.  2)  Demonstrate  direct  oxidation  advances  accomplished  on 
this  program,  in  a  low  temperature,  full  area,  fuel  cell  stack. 

Applications  were  identified  through  site  visits,  literature 
searches  and  calls  to  appropriate  DOD  agencies.  This  paper  focuses 
on  the  person-portable  micro  climate  cooling  application.  Methanol 
fuel  was  assumed,  since  logistic  fuels  are  presently  beyond  the 
capability  of  low  temperature  fuel  cells.  A  polymer  electrolyte 
membrane  (PEM)  fuel  cell  was  selected  for  both  the  application 
studies  and  a  stack  demonstration.  PEM  is  the  only  developed  near 
room  temperature  fuel  cell  compatible  viith  carbon  containing  fuels. 

The  major  technical  problems  limiting  the  application  of 
direct  methanol  fuel  cells  are  well  recognized:  Slow  oxidation 
kinetics  resuhing  from  the  accunnilation  of  by-product  anode 
poisons  on  the  catalyst  is  the  most  severe  limitation.  Cross  difiiision 
of  the  water  miscible  methanol  from  the  anode  to  the  cathode  is  the 
second.  The  latter  causes  mixed  potential  reduction  in  the  cathode 
performance,  loss  of  fuel  (low  Faradaic  efficiency),  and  excess 
themul  load  in  the  stack. 

Conceptual  systems  have  been  identified  for  both  MeOH/0} 
and  MeOH/air  power  modules.  A  2  cell  full-area  stack  has  been  run 
to  assess  the  present  status  of  direct  methanol  technology  against 
the  goats  established  by  the  system  study. 

System  Analysis  and  Performance  Goals 

A  sinqrle,  light  weight  MeOH/air  system  is  illustrated  in 
Figure  1.  It  assumes:  the  fuel  is  fed  as  a  liquid  to  anode  flow  field  of 
the  stack  (liquid  feed);  water  is  recovered  to  supply  the  required 
water  to  the  anode;  ambient  pressure  operation;  no  air  saturation  is 
required  due  to  the  flow  of  liquid  water/methanol  by  the  anode;  the 
stack  vokage  is  12V  DC;  the  methanol  crossover  was  allocated  to 
be  equivalent  to  50  ASF  of  electrochemical  consumption. 

This  system  offers  several  advantages.  The  use  of  a  single 
condenser  to  recover  water  and  methanol  from  both  the  anode  and 
cathode  exhaust  divorces  the  system  methanol  loss  rate  (due  to 
saturation  of  ^ent  air  and  product  CO^  exhaust  streams  with 
water/methanol),  from  the  stack  operating  temperature.  The  use  of 
dry  air  provides  evaporative  cooling,  and  eliminates  the  need  for 
cooling  capability  in  the  anode  recycle  loop,  but  limits  the  stack 
operating  temperature  to  170°F. 

A  thermodynamic  analysis  of  this  system  was  used  to  determine  the 
fuel  cell  performance  needed  to  meet  the  application  requirements 
of:  250  watts,  1000  watt  hours,  11  pounds  total  system  weight 
including  stack,  accessories,  and  fuel  Figure  2  shows  the  stack, 
accessories,  fuel,  and  total  weight  based  on  0.6  V/ceU  (and  the 


above  assumptitms)  as  a  function  of  cuirent  daishy  at  which  the  0.6 
V/cell  is  achieved.  This  analysis  indicates  that  the  1 1  pound  weight 
goal  can  be  met  for  a  250  watt  1000  watt  hour  direct  methanol 
power  module  if  an  electrochemical  petformance  of  0.6V  at  220 
ASF  can  be  achieved  by  an  ambient  pressure  MeOH/air  cell  with  no 
more  than  50  ASF  equivalent  methanol  crossover. 

The  vokage  sensitivity  of  the  total  system  weight  is 
di^layed  in  Figure  3.  For  example  the  goal  can  also  be  met  by  0.7V 
at  170  ASF,  or  0.57V  at  250  ASF.  Similarly  a  performance  of  0.5V 
at  250  ASF  misses  the  weight  goal  by  1.4  pounds. 

Results  of  cell  and  stack  testing  conducted  on  the  ARPA 
program  has  indicated  that  meeting  the  50  ASF  equivalent  methanol 
crossover  allocation  is  challenging.  Rgure  4  illustrates  the  weight 
penalty  that  would  be  accraed  by  increasing  the  crossover  up  to 
200  ASF,  assuming  all  the  crossover  methanol  is  lost  by  oxidation 
to  CO2  on  the  Pt  black  cathode  catalyst.  This  increase  in  total 
system  weight  is  a  consequence  of  the  extra  m^anol  fuel  that  must 
be  carried  to  conq)ensate  for  the  low  Faradaic  efficiency.  A 
significant  advantage  of  the  system  analyzed  here  is  that  most  of  the 
methanol  not  oxidized  to  CO2  as  it  passes  through  the  cathode  is 
recovered  and  recycled  to  the  anode.  Development  of  an  O} 
reduction  catalyst  not  capable  of  oxidizing  methanol  would 
completely  solve  the  crossover  problem  when  used  in  the  system 
described  here. 

The  methanol  air  system  has  a  potential  liability  for 
battlefield  applications.  Chemical  warfiue  agents  may  poison  the  air 
cathode,  requiring  an  air  clean  up  system  not  considered  in  the 
above  analy^.  One  solution  to  this  is  a  MeOH/02  power  module. 
This  trades  the  weight  of  the  oxygen  and  extra  tankage  against  the 
weight  of  an  air  clean  up  system. 

Figure  5  Illustrates  the  simple  MeOH/Ch  system  analyzed  to 
establish  performance  goals.  The  assunq>tions  are  similar  to  the  air 
system  except  that  45  psia  operating  pressure  is  assumed,  and 
without  N2  associated  water  loss  on  the  cathode  side,  a  220°F  stack 
operating  temperature  can  be  achieved  to  promote  the  slow 
methanol  oxidation  kinetics. 

Figure  5  shows  two  condensers  and  cooling  fans.  In  reality 
one  &n  and  a  condenser  with  two  parallel  sections  would  be  used. 
A  cathode  vent  is  required  to  elin^ate  the  CO2  produced  by  the 
crossover  methanol  A  cathode  recycle  is  required  to  allow  a  high 
CO2  level  on  the  cathode  to  minimize  the  O2  lost  from  the  cathode 
vent.  Both  liquid  and  vapor  water  rejection  is  required  since  the 
gases  venting  at  the  condenser  exit  tenq>erature  do  not  eliminate  all 
the  product  water. 

Figure  6  ilhistrates  the  weight  breakdown  as  a  function  of 
current  density  with  the  same  250  watt,  0.6V/ceil,  1000  watt  hour 
assumptions  used  in  the  air  case.  In  this  case,  the  extra  weight  of 
the  O2  precludes  meeting  the  weight  goal  at  any  reasonable  current 
density  with  these  assumptions.  The  vokage  sensitivity  di^layed  in 
Figure  7  demonstrates  that  330  ASF  at  O.TV/ceO  is  required  to 
meet  the  weight  goal  with  this  O2  system.  Figure  8  shows  the  extra 
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weight  penalty  for  excess  crossover.  This  now  includes  the  weight 
of  both  extra  methanol  foel  and  O^. 

Direct  Methanol  Stack  Testinn 

A  Pt/Ru  black  catalyst  developed  by  PSIT  was  chosen  as 
the  catalyst  development  most  ready  for  a  stack  demonstration. 
Initial  application  of  this  catalyst  to  direct  methanol  oxidation  in  a 
PEM  cell  was  accomplished  at  the  2.2Sx2.2S  inch  sub  scale  level 
using  Nafion®  1 17  as  the  electrolyte.  Performance  of  0.S2V  at  100 
ASF  against  SO  psia  O2,  ISOT,  was  obtained  using  vapor  fed 
l.S/1  molar  ratio  water/methanol. 

FuU  scale  (Sx8  inch  active  area)  single  cell  and  stack 
hardware  capable  of  either  vapor  or  liquid  feed  was  developed. 
Vapor  feed  performance  equivalent  to  the  sub  scale  result  was 
achieved  in  a  foil  size  single  cell  with  the  PSIT  Pt/Ru  catalyst.  Use 
of  the  liquid  feed  hardware  option  required  increasing  the 
tenq)erature  to  220°F  in  order  to  produce  an  anode  limiting  current 
over  100  ASF.  A  performance  point  of  0.6V  at  100  ASF,  against 
SOpsia  C>2,  was  recorded  with  1.5/1  water  to  methanol  molar  ratio 
liquid,  fed  directly  to  the  cell  at  this  temperamre. 

On  the  basis  of  these  results  a  2  cell  stack  was  built  using 
the  same  type  anode  and  cell  hardware.  It  was  run  in  the  liquid  feed 
mode  at  220°F.  Initial  petfonnance  at  the  same  conditions,  shown 
in  Figure  9,  matched  the  single  cell  result.  Good  uniformity  between 
cells  was  achieved.  The  100  ASF  point  was  held  for  S  hours.  Figure 
10  displays  the  relatively  stable  0.6V  performance  obtained  for  both 
cells.  This  is  among  the  best  reported  performance  results  for  direct 
methanol  foel  cell  stacks. 


Conclusion 

BFC  has  demonstrated  that  direct  methanol  oxidation  can  be 
accomplished  in  a  low  tenqierature  PEM  stack.  Inqrrovement  in 
electrode  performance  and  methanol  crossover  is  required  to  meet 
the  performance  goals  established  for  the  person-portable  micro 
climate  cooling  application. 
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EXHAUST 


Figure  1  Direct  Oxidation  Methanol/air  Power  System 


Figure  2  MeOH/air  System  Weights  vs.  Current  Doisity  @ 
0.6V/cell,  250  watts,  1000  Whr,  50  ASF  MeOH  X-over,  170“F, 
14.7  psia 


Figure  3  Total  System  Weights  of  MeOH/air  vs.  Current  Density, 
as  a  Function  of  Cell  Vohage.  Same  Conditions  as  Above 
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Figure  4  Impact  of  MeOH  Crossover  on  MeOH/air  System 
Weight.  Same  Conditions  as  Above 
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Figure  5  Direct  Oxidation  MeOH/0]  PEM  Power  System 
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Figure  8  Intact  of  MeOH  Crossover  on  MeOH/Oj  System 
Weight.  Same  Conditions  as  Above 
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Figure  6  MeOH/Os  System  Weight  vs.  Curreat  Density  @ 
0.6V/Cell,  45psw,  250  watts,  1000  Whr,  50  ASF  MeOH  X-Over. 
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Figure  9  Two  Cell  Suck  McOH/Oj  50  pna  Peiformance 
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Figure  7  Total  System  Weights  of  MeOH/Oi  vs.  Current  Density, 
as  a  Function  of  CeU  Voltage.  Same  Conditjops  as  Above 


Figure  10  Short  term  MeOH/O^  Stack  SUbiiity  Test 
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FUEL  CELL  POWER  PLANTS 
FOR  BARE-BASE  AND  FIXED-BASE  APPLICATIONS 
Sandors  Abens  »nd  George  SteinfeU 
Energy  Research  Corporation,  Danbury.  CT 


Introduction 

Energy  Research  Corporation  is  initiating  the 
development  of  fuel  cell  power  plants  for  fixed  and 
bare-base  DoD  applications  under  the  ARPA  “Fuel  Cell 
Power  Plant  Initiative."  ERC  will  aoapt  its  direct 
carbonate  fuel  cell  power  plant  technology  in 
combination  with  a  logistic  fuel  processing  system  for 
dual  use  application. 

Features  of  the  fuel  cell  power  plant  design 
include: 

a  Multifuel  operation  on  logistic  fuels  DF-2  and  JP-8, 
as  well  as  natural  gas, 

•  Logistic  fuel  preprocessor  design  compatible  with 
direct  internal  reforming  fuel  cell  operation, 

•  High  efficiency  -  leading  to  40%  lower  fuel 
consumption  as  compared  with  diesel  engine  gensets, 

•  Use  of  non-noble  catalyst  materials  -  eliminating  any 
undue  dependency  on  foreign  sources, 

•  Rugged  fuel  cell  construction  employing  metallic  cell 
hardware  -  for  ease  of  transportation  under  military 
conditions, 

•  Water  recovery  system  for  water  self-sufficiency,  and 

•  Low  thermal  and  acoustic  signature,  as  well  as 
negligible  emissions. 

After  initial  analysis  and  bench-scale  verification 
of  the  fuel  preprocessing  system,  which  started  in  early 
1994,  a  brassboard  system  will  be  constructed.  In 
parallel,  an  approach  for  fuel  cell  stack  weight  and 
volume  reduction  will  be  developed  and  verified  at 
subscale  and  incorporated  in  a  32kW  stack  with  full 
area  cells.  The  brassboard  fuel  feed  system  and  the 
32kW  stack  will  be  tested  with  both  diesel  (DF-2)  and 
JP-8  fuels.  The  results  will  be  utilized  to  derive 
preliminary  power  plant  designs  for  fixed  and  bare-base 
applications.  Maximum  power  rating  for  a  single  fuel 
cell  generator  set,  as  well  as  a  transportable  multiple- 
skid  power  plant  will  be  defined,  and  the  corresponding 
design  will  be  provided  considering  the  bare-base 
requirements  specified  by  DoD.  This  development  is 
expected  to  improve  the  efficiency,  fuel  flexibility, 
emissions,  and  thermal  and  acoustic  signatures  of 
future  fixed-  base  and  mobile  power  plants. 

Team  members  for  the  proposed  project  include 
ERC  and  its  wholly-owned  subsidiary.  Fuel  Cell 
Manufacturing  Corporation;  Haldor  Topsoe,  Inc.  and  its 
parent  company,  Haldor  Topsoe  A/S;  Fluor  Daniel 
Corporation;  and  Illinois  Institute  of  Technology. 


Logistic  Fuel  Processing: 

Logistic  fuels  such  as  DF-2  and  JP-8  provide  a 
high  energy  density  fuel  offering  transportability 
advantages  for  mobile  applications  and  a  source  of 
back-up  fuel  for  fixed  base  applications  when  natural 
gas  is  available.  Table  1  summarizes  some  of  the 
characteristics  of  interest  for  processing  these  fuels  into 
a  fuel  useable  by  fuel  cells.  The  higher  sulfur  content 
and  lower  H/C  ratio  makes  DF-2  somewhat  more 
challenging  from  a  fuel  processing  point  of  view 
compared  to  JP-8. 

Table  1 

Properties  of  Logistic  Fuels  JP-8  and  DF-2 
Both  Fuels  Have  Similar  Characteristics,  But  DF-2 
Poses  a  Greater  Processing  Challenge 


PROPERTY 

JP-8 

Molecular  Formula  (avg) 

2 

C  H 

'-14,6'^  24. 8 

Molecular  Weight 

170 

200 

H/C  Ratio  (Molar) 

1.80 

1.70 

Sulfur  Mass  % 

0.3  (max.) 

0.6  (max) 

Specific  Gravity 

.806 

.860 

Gross  Heating  Value  Btu/lb 

19,780 

19.670 

Gross  Heating  Value  Btu/gal 

132,600 

138,600 

Source:  O^^rmy,  ^ort  Belvoir  ft^esearch  Cevelopmenta^^ngineenng" 

Cenier 


Desulfurization: 

The  key  step  in  processing  logistic  fuels  for  fuel 
cell  application  is  the  desulfurization  step.  Sulfur 
compounds  in  these  fuels,  which  can  be  present  up  to 
0.5  wt%  according  to  Federal  Specification  VV-F-SOOD 
for  Diesel  Fuel,  must  be  reduced  below  1  ppm  to 
maintain  the  catalytic  activity  of  downstream  catalysts. 
While  commercial  suppliers  are  already  preparing  to 
reduce  sulfur  levels  to  0.05  wt%  (500  ppm)  in  diesel 
fuel  to  meet  clean  air  regulations,  this  level  is  still  high 
for  fuel  cell  applications,  and  must  be  reduced  further. 

The  approach  planned  is  based  on  utilizing 
available  hydrodesulfurization  catalysts  at  pressures 
sufficiently  high  to  lower  the  sulfur  level  to  below  1 
ppm.  This  hydrotreating  step  also  lowers  the  aromatics 
content  of  the  fuel,  making  it  easier  to  reform  without 
carbon  formation. 

Preconversion: 

Following  the  desulfurization  step,  an  adiabatic 
preconversion  step  will  be  used  to  convert  the  higher 
hydrocarbons  in  DF-2  and  JP-8  to  methane  as  follows: 
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C„H„  +  nHjO— >nCO  (n  +  m/2)Hj  endothermic 
CO  +3H2  —  >CH4  +H2O  exothermic 

CO  +HjO  --->C02  +Hj  exothermic 

This  approach  has  been  shown  in  a  previous 
OoO-funded  project  to  be  feasible  for  operating 
carbonate  fuel  cells  with  diesel-like  fuels’. 

The  endothermic  steam  reforming  of 
hydrocarbons  can  be  considered  irreversible  for  all 
higher  hydrocarbons  ln>1)  which  are  converted 
directly  to  carbon  oxides  and  hydrogen  with  no 
intermediate  products.  The  reaction  is  then  followed  by 
the  exothermic  methanation  and  water-gas  shift 
reactions  which  adjust  the  chemical  equilibrium 
between  the  carbon  oxides,  methane,  hydrogen  and 
water.  Typical  conditions  and  exit  compositions  for  a 
diesel  preconverter  based  on  equilibrium  calculations 
and  earlier  subscale  testing  indicate  that  a  high 
methane  content  can  be  achieved.  This  makes 
operation  on  diesel  fuel  or  jet  fuel  appear  to  the  fuel  cell 
as  operation  on  natural  gas,  with  a  small  variation  in 
the  gas  composition.  This  facilitates  the  use  of  the 
same  fuel  cell  design  for  logistic  fuels  as  for  natural 
gas,  maximizing  dual  use  which  builds  on  technology 
already  developed  for  the  commercial  sector. 

Fuel  Cell  Power  Plant: 

The  fuel  cell  power  plant  is  based  on  internal 
reforming  carbonate  fuel  cell  technology,  the  Direct  Fuel 
Cell,  developed  at  Energy  Research  Corporation.  The 
Direct  Fuel  Cell  concept,  is  depicted  in  Figure  1. 
Methane  fuel  is  first  reformed  in  the  anode 
compartment  of  the  carbonate  fuel  cell  to  produce  CO 
and  Hj.  Both  Hj  and  CO  are  oxidized  by  the  carbonate 
ion  (CO3  )  to  HjO  and  COj,  discharging  two  electrons. 
The  carbonate  ions  are  formed  on  the  cathode  side  of 
the  fuel  cell  by  reaction  of  0^  and  COj  plus  two 
electrons  from  the  external  circuit.  Since  methane 
reforming  is  endothermic,  it  serves  to  remove  heat 
produced  in  the  fuel  cell,  minimizing  fuel  cell  cooling 
requirements.  Because  methane  conversion  in  the  fuel 
cell  is  achieved  by  using  waste  heat,  the  direct  fuel  cell 
is  inherently  more  efficient  than  conventional  fuel  cells 
operating  on  externally  reformed  fuel. 

Individual  fuel  cell  stacks  are  grouped  in  modules 
which  will  be  identical  to  commercial  natural  gas  power 
plant  designs,  with  the  exception  of  the  stack  design 
changes  developed  under  the  stack  militarization  task. 
This  allows  a  dual  use  application  for  both  commercial 
and  military  systems.  Figure  2  depicts  a  1MW  fuel  cell 
module  which  incorporates  four  carbonate  fuel  cell 
stacks.  Two  of  these  modules  are  required  for  a  2MW 
power  plant. 

Preliminary  Power  Plant  Development  for  Fixed-  Base 
Applications: 

The  fixed-base  power  plant,  rated  at  2  MW,  will 
be  capable  of  operating  on  logistic  fuels,  DF-2  and  JP- 
8,  as  well  as  on  natural  gas.  Such  a  multifuel  capability 
provides  independence  and  versatility  for  military 
installations  in  the  event  of  commercial  power 
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Figure  1 

Direct  Fuel  Cell  Concept 


Figure  2 

Engineering  Model  of  a  1MW 
Carbonate  Fuel  Cell  Module 
Two  modules  containing  four  stacks  each  are 
required  in  a  2MW  Plant 

interruption  or  outage  caused  by  natural  disaster, 
accident,  sabotage,  vandalism  and/or  attack. 

The  logistic  fuel  processing  front-end  will  be 
added  to  an  existing  natural  gas  plant  design  with  minor 
changes  in  the  remainder  of  the  plant.  However,  a 
water  recovery  system  will  be  added  to  make  the 
power  plant  water  self-  sufficient. 

The  Direct  Fuel  Cell  power  system  concept  is 
shown  in  Figure  3.  Oxygen  and  carbon  dioxide  are 
supplied  to  the  cathode  by  a  burner  which  combusts 
the  residual  fuel  in  the  anode  tailgas  with  excess 
air.  Stack  exhaust  is  used  to  raise  the  steam  needed 
for  reforming  the  fuel  to  hydrogen. 

Overall  power  plant  specifications  are  estimated 
on  DF-2  and  JP-8  at  a  thermal-to-  electric  efficiency  of 
57.8%  and  57.2%,  respectively,  and  at  61.2%  on 
natural  gas,  all  on  a  lower  heating  value  basis.  Heat 
recovery  to  produce  66-80  gallons  of  hot  water  per 
minute  at  1 50°F  can  be  provided,  increasing  the  overall 
plant  electric  and  thermal  efficiency  to  80-85%. 

All  three  design  fuels  can  produce  the  rated 
power  of  2MW  using  eight  stacks,  with  natural  gas 


104 


Acknowledgement: 


AIR 


EXHAUST 


FUEL 


Figure  3 

Direct  Fuel  Cell  System  Concept 


performance  slightly  above  performance  on  logistic 
fuels. 


Preliminary  Power  Plant  Development  for  Bare-  Base 
Applications: 

Bare-base  power  systems  are  required  to  rapidly 
establish  a  sustainable  operation  at  a  bare-base  location 
vital  to  various  military  missions.  These  power  systems 
may  be  used  globally,  in  ail  seasonal  environments,  and 
in  any  of  the  climatic  extremes  listed  in  MIL-STD-210B. 
The  power  systems  must  be  rugged,  portable,  reliable, 
affordable,  and  simple  to  maintain. 

The  detailed  design  requirements  of  bare-base 
deployment  will  be  defined  in  a  pre-design  mission 
analysis  to  evaluate  design  options  that  are  consistent 
with  bare-base  deployment  needs. 

Transportation  requirements  for  C-1 30  transport 
will  define  the  maximum  size  of  the  bare  base  power 
plant  which  is  currently  anticipated  to  be  in  the  size 
range  of  300  kW. 

A  skid  mounted  unit  containing  fuel  processing, 
fuel  cell  stacks  and  power  conditioning  sections  of  the 
plant  will  be  packaged  in  a  ruggedized  unit  for 
transportability  and  field  operation.  Trade-offs  will  be 
considered  between  a  single  maximum  rating  unit 
transportable  in  one  shipment  by  C- 1 30  versus  a  larger 
modular  power  plant  transportable  on  multiple  skids 
which  can  be  readily  assembled  in  the  field. 

Performance  will  be  similar  to  the  2  MW  power 
plant  for  fixed-base  application,  with  some  possible 
trade-offs  to  meet  transportability  requirements. 

References: 

1.  Abens,  S.G.,  and  Kumm,  W.H.,  (1992). 

Evaluation  of  Reformation  of  Diesel  Type  Fuel  in 

an  MCFC  Stack.  Proceedings  of  the  35th 

International  Power  Sources  Symposium,  pp. 

46-48. 
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Astract 


The  characteristic  of  electrode  and  matrix  according  to  the  manufacturing  process  was  studied  and 
also  the  design  of  lOOW  stack  was  performed  for  the  basic  research  of  the  developement  of  3KW 
AFC  system  The  performances  of  electrodes  were  investigated  with  mass  activity,  TaM  slope, 
impedance  analysis,  chemiscHptian  and  particle  size  analysis.  Raney  nickel  containing  2.0*/o  of  Ti 
with  particle  size  (rf  5.7um  was  shown  the  highest  mass  activity  of  2.4  A/g.  New  techndogy  to  load 
silver  particles  on  carbon  black  with  cdloidal  method  was  carried  out  for  oxygen  electrode  catalyst 
and  200A  of  silver  particle  size  was  shown  the  385  mVg  of  the  highest  surface  area  and  84  A/g  of 
mass  activity.  Potassium  titanate  was  used  as  new  material  for  matrix  and  2:1  of  whisker  and 
powder  mixture  was  shown  160%  of  wettability,  62%  of  porosity  and  230  itunHg  of  bubble  pressure. 
The  stack  was  assembled  with  epoxy  resin  reinforced  with  glass  fiber  for  preventing  thermal  shock 
and  the  cdl  performances  were  evaluated  at  various  operating  condition. 


INTRODUCTION 

The  serious  environmental  pollution  resulted  from 
combustion  of  fossil  fuels  have  demanded  the  developement 
of  fuel  cdl  as  new  clean  energy  system  Fuel  cell  which  can 
convert  the  chemical  energy  of  fuel  into  the  electrical  energy 
has  several  advantages  ;  fovorable  higher  conversion 
efficiency  of  fueL  recovery  of  exhaust  heat,  noiseless 
conversion,  lower  production  of  pdlutants  and  minimal  siting 
restrictiotv.  The  first  successful  I^Oj  alkaline  fuel  celKAFC) 
was  started  in  1932  by  Bacon  and  culminated  in  5KW 
system  in  1955  which  was  used  30%  KOH  as  an  electrolyte 
and  was  op^ted  at  200C.“’  Technical  developement  of  AFC 
was  accoirvlished  by  NASA  in  the  early  1960's  and  many 
scientists  proved  that  it  is  suitaUe  in  application  where  only 
small  uints  are  required  such  as  space  shuttle,  military 
purpose  and  electrical  vehicles.  AFC  has  several  advantages 
over  Fho^ihoric  Acid  Fuel  CelKPAFC)**'^’:  (A)  pntentially 
higher  energy  efficiency  caused  finom  the  higher  rates  of 
oxygen  reduction,  (B)  low  operating  temperature  and  better 
material  torelance  and  (C)  better  performances.  To  maintain 
the  competition  for  the  commercial  application,  non-noble 
metal  is  teccmmended  as  catalyst  and  its  amount  should  be 
diminished  without  decrease  of  electrode  perfoimance. 

In  this  study,  optimum  condition  of  pr^nring  Raney  nickel 
catalyst  for  hytbogen  electrode  and  the  effects  of  the 
electrochemical  characteristics  at  porous  electrode  according 
to  the  prcxnotor  were  investigated  For  oxygen  electrode,  the 
colloidal  method  for  impregnation  of  silver  on  carbon  black 
was  carried  out  and  the  cfispersity  of  carbon  Uack  was 
studied  The  stack  was  assemUed  with  potassium 
hexatitanate  matrix  and  the  influence  of  design  and  (derating 
condition  were  confirmed 

EXPERIMENTAL 
Preparation  of  Materials. 

The  various  mass  firaction  of  nickel  and  aluminum  powder 
was  mixed  in  mortar  thmoughly,  then  pelleted  by  pressing  at 
20(%g/cm^,  sintered  at  700U.  Aluminum  was  leached  in  6N 
NaOH  sdution  at  SOU  for  24  hours  and  obtained  Raney 
nickd  was  partially  oxydized  and  stored  in  vacuum  prior  to 
use.  Silver  particles  were  impregnated  on  carbon  black  with 


colloidal  method  and  used  as  catalyst  for  oxygen  electrode. 
1:4  of  K2CO3  and  TiOz  mixture  was  sintered  at  850U,  was 
mepared  potassium  hexatitanate  powder.  It  was  detailed  in 
previous  work*^"® 

Manufacturing  Process  of  Electrode 

The  manufocturing  process  of  porous  catalytic  layer  of 
hydrogen  electrode  was  followed.  Raney  nickel  was  mixed 
with  pdytetrafluoroethylene  (PTFE:  Teflon  30J,  Du  Pont)  and 
honogenizing  with  Ifltrasonic  Generator  (US-300T,  Japan) 
and  dried  until  it  bacarae  paste.  The  obtained  paste  was 
pelleted  by  pressing  or  rolling  method  with  isr^ropyl  alcohol 
on  60  m^  stainless  steel  net  for  the  mechanical  support 
and  was  treated  at  340U  in  Nr  atmosphere  for  1  hr.  The 
gas  diffuricm  layers  were  prqnred  with  the  Toray  carbon 
paper(TGP-H-60,  porosity  73%,  thickness  0.17mm)  containing 
40  w/o  of  PTFE.  They  were  attached  to  the  catalytic  layer 
by  hot  press  and  soxhlet  in  acetone  to  remove  residual 
surfactant  which  was  originally  mixed  in  PTFE  dispersion. 

Methods  of  Measurement 

Potentiostat/Galvanostat(EG&G  PARC  Model  273A) 
connected  with  IBM  computer  system  and  Solatron 
1255(Schlumbeger)  were  used  for  measuring  the 
electrochonical  characteristics”  *®.  The  counter  electrode  was 
Pt  gauze  and  the  reference  electrode  was  NHE.  The  IR  drc^ 
was  reduced  by  closing  the  refoence  electrode  through  the 
luggin  capillary  to  the  working  electrode.  The  vdiole  cell 
assemUy  was  sealed  to  prevent  the  precipitation  of 
potassium  bicarbonate  and/or  carbonate.  CO-chemisorption 
was  carried  out  with  Calm  2000  Microbalance  and  the 
gasflow  were  contrcriled  with  Multiple-Dyne-Blendo’. 
Investigation  of  morphology  was  carried  out  with  SEM(JSM 
350.  JEOL). 

RESULT  and  DISCUSSION 
Improvement  of  Hydrogoi  Electrode  Performance 

The  electrochemical  characteristics  of  the  electrode  were 
considerably  influenced  by  the  portion  of  nickd  and 
aluminum  ccmtent  for  Ni-AJ  alloy.  When  the  catalysts  were 
obtained  fiom  60w/o  of  nickel  40w/o  of  aluminum,  the 
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electrode  shown  the  highest  current  density  of  450  mA/ca? 
and  these  tendencies  could  be  explained  with  following  two 
reasoa  First,  residual  A1  were  exist  as  contaminant  and 
finally  the  catalytic  activity  was  worse  and  the  amount  of 
unleached  A1  was  increased  with  the  increase  of  I'fiAla 
Second,  the  diffusicm  of  hydroxyl  ion  could  interrupt  at  fine 
pore  and  resulted  the  increase  of  resistance.  From  pore  size 
distribution  data,  the  ratios  below  O.lum  pore  size  was 
decreased  with  increase  of  Ni  content  duririg  Ni-Al  alloy 
formation  as  shown  in  Fig.  1.  From  the  binary  phase 
diagram*'^’,  40w/o  of  nickel  content  indicated  the  region  of 
NiAla  and  60w/o  indicated  of  the  NijAla.  With  our  XRD  data, 
the  intensity  of  characteristic  XRD  peak  of  NiAla  was 
diminished  as  the  increase  of  nickel  content 


Nickel  contents  (i/o) 

Fig.  1.  Component  ratios  of  por^-  size  at  the  Raney  nickel 

obtained  from  various  Ni  portion  for  hfi-Al  alloy. 

(a)  lOum  ~  lum  of  pore  size 

(b)  lum  ~  O.lum  of  pore  size 

(c)  below  O.lum  of  pore  size 

The  mass  activity  were  increased  when  the  electrode 
manufrctirred  with  the  Raney  nickel  catalyst  containing  Ti. 
And  the  particle  size  of  Raney  nickel  was  decreased  with  the 
increase  Ti  content  during  Ni-Al  alloy  formatioa  Similar  size 
distributirei  was  fbimd  frxxn  the  linear  slope  when  15-2.0 
w/o  of  Ti  was  contained.  It  could  be  concluded  that  titanium 
was  textual  promotor  and  there  was  no  evidence  from 
polarization  curve  that  the  activity  of  catalyst  was  increased. 
Without  Ti,  the  surface  area  and  mean  particle  size  of  Raney 
nickel  had  the  value  of  0.6436  mVcc,  1256 Arm,  but  1.31^ 
mVcc  and  5.7 Arm  was  evaluated  when  2.0  of  Ti  was  added 
respectively.  Fig.2  was  shown  impedance  spectra  in  the  form 
of  a  Cronigs-Kramer  [dot  Distinguished  two  semicircle  was 
obtained  and  high  frequencies  circle  attributed  to  the 


Fig.  2.  Impedance  spectra  of  Raney  nickel  electrode. 

(a)  Raney  nickel 

(b)  Raney  nickel  ccxitaining  2w/o  of  Ti 


electrolyte  resistance  and  the  effective  capacitance  of  the 
dectrode.  Low  frequencies  circle  may  correspond  to  hydrogen 
transport  impedance  in  the  pore  and  transpixt  of  hydroxide 
ions  from  electrode.  With  the  addition  of  Ti,  the  resistance 
and  capadw  were  changed  from  055  cm‘  to  0.30  cm^  frtxn 
0507  F/cm'  to  0.42  F/cm^  respectively. 

Improvement  of  Oxygen  Electrode  Performance 

Silver  particle  impregnated  on  carbon  black  by  colkntial 
method  was  used  as  catalyst  for  oxygen  decfrnde.  The 
increase  of  catalytic  surface  area  and  its  activity  could 
accomplished  by  minimizing  of  silver  particle  size,  but  small 
particles  could  aggromerate  each  other  and  the  active  surfoce 
area  was  decreased.  As  shown  in  Fig5,  when  the  silver 
particle  shown  200A  of  particle  size,  the  maximum  sur&ce 
area  of  40  mVg  was  calculated  with  the  result  of  O: 


Silver  pe.'ticie  size  i.k) 

Fig.  3.  Mass  activity  and  surface  area  vs.  various  silver 
particle  size. 

chemisorption  and  almost  80  A/g  of  mass  activity  at  the 
electrode  was  obtained.  According  to  our  calculation,  real 
distance  of  each  particle  was  250 A.  After  5mg/cm*  of 
loading  amount,  almost  it  had  the  saturation  value  of  specific 
activity.  The  particle  size  of  silver  catalyst  with 
non-homogenizing  carbon  Uack  used  as  supportor  was 
shown  almost  250A,  but  with  homogenized  carbon  Uack,  it 
had  130A  of  silver  particle  size.  From  this  result,  silver 
particle  size  would  influenced  according  to  dispersity  of 
carbcm  black.  The  pore  size  distribution  of  non-homogenized 
carbon  black  had  cmly  macropore  and  transitional  pore  by 
interparticle  pore  with  17mVg  of  pore  surfrice  area.  But  as 
soon  as  honugenizing  was  began,  sharp  micropore  peak  was 
appeared  with  increase  of  pore  surface  area  and  it  had 
maximum  value  of  88mVg  when  hcmogenizing  30sec.  More 
than  30sec  of  homogenizing  time,  the  micropcxe  was 
disappeared,  since  active  smaU  particle  was  reagglomerated. 
The  pore  area  was  increased  as  to  homogenizing  and  could 
be  expected  the  increase  of  corrosion  rate.  But,  as  shown  in 
Fig.4,  there  is  no  evidence  that  the  increase  of  corrosicxi 
compare  to  the  pore  area  of  carbon  black. 

Matrix  and  Stack  Assembly 

The  matrix  has  the  functions  of  electrode  seperation  and 
electrolyte  containment  The  matrix  may  be  a  limiting  factor 
with  the  respect  of  compatitxlity  with  the  electrolyte,  good 
ioiuc  conductivity,  effectiveness  as  a  barrier,  proper  strength 
and  flexibility.  Potassium  hexatitanate  powder  matrix  was 
shown  only  S0%  of  wettability  but  strong  mechanical 
properties  and  whisker  matrix  was  shown  170%  of 
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logI(A/cm’) 


Fig.  4.  The  potentiodynamic  anodic  polarization  curve  of 
carbon  according  to  di^rersion  time. 

(a)  20sec  (b)  30sec  (c)  40sec  (d)  SOsec  (e)  €0sec 
wettability  with  weak  mechanical  properties.  The  matrix 
made  by  mixture  with  1:2  of  powder  and  whisker  had 
appropriate  wettability  and  ionic  conductivity.  It  was 
represented  in  Fig5. 


Fig.  5.  Time  dependance  fb  wettability  with  various 

KzO*6TiCfe  matrix. 

(a)  powder  '•  wisker  =1:0 

(b)  powder  :  wisker  =  2:1 

(c)  powder  •  wisker  =1:1 

(d)  powder  '•  wisker  =1:2 

(e)  powder  :  wisker  =  0:1 

The  arrangement  of  stack  and  final  product  was  shown  in 
Fig.6  and  Rg.7.  To  prevent  the  leak  of  gas,  epoxy  casting 
nx>ld  was  used  and  also  the  epoxy  resin  was  reinfbrced  wiQi 
glass  fiber.  The  dimension  of  electrode  was  12X16  cm  and 
active  area  was  100  cm*.  In  Fig.8,  the  stack  which  was 
constructed  with  nickd  foam  as  gas  channel  was  illustra^ 
each  component  was  sealed  with  PTFE  ft^wed  molding 
with  epoxy  resin. 


CONOLUSION 


Fig.  6.  Electrodes  and  matrix. 


Fig.  7.  Arrangement  of  SOW  alkaline  fuel  cdl  stack. 


Fig.  8.  Arrangement  of  lOW  alkaline  fud  cell  stack. 


From  these  results,  the  following  conclusions  can  be  drawn; 


1.  Raney  nickel  catalyst  obtained  from  the  6096  of  nickel 
and  4096  oi  ahiminum  mixture  showed  the  optimum 
dectrochemical  characteristics. 

2.  The  increase  of  dectrode  performance  could  accomp¬ 
lished  with  the  addition  of  titanium. 

3.  With  the  colloidal  mdhod,  silver  catalyst  could 
impregnated  on  carbon  black  and  reduced  the  amount  of 
silver  was  accomplished 

4  Particle  size  of  silver  catalyst  for  the  oxygen  dectrodee 
should  maintain  200A. 

5.  The  matrix  which  had  good  wettability  mechanical 
properties  could  made  by  the  mixture  of  potassium 
her^tanate  powder  and  wh^ker. 
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INTRODIICTION 

Among  the  known  Li-insertion  compounds,  layered 
Tocksalt-type  LiCo02^  and  LiNt02^  and  spinel-type  LiMn2043 
are  pursued  intensively  at  present  as  cathode  materials  for 
rechargeable  lithium  batteries.  They  are  phases  in  which  Li  can  be 
inserted  reversibly  at  voltages  highn  than  33  V  with  respect  to  Li. 
However,  the  hi^er  voluge  (>  4  V)  associated  with  LiCoOi  and 
LiNi02  may  lead  to  an  instability  of  the  electrolyte,  while  the  low 
lithium  mobility  associated  with  LiMn204  limits  the  power 
ct^Mtbility.  In  addition,  these  high-voltage  cathodes  are  problematic 
in  terms  of  cost  and  the  availability  of  the  transition  metals.  It 
should  be  emphasized  that  the  Wh/S  is  a  more  important  factor 
than  Wh/g  in  the  case  of  the  larger  size  batteries  as  for  an  elecoic 
vehicle  or  a  load-leveling  system. 

These  considerations  prompt  an  identification  of  alternate 
cathodes,  and  iron  compound  are  especially  attractive.  Because 
Fe  is  abundant,  inexpensive  and  less  toxic  than  Co,  Ni  or  Mn.  To 
date,  several  iion-coiiqx>und  cathodes  such  as  FePSs^,  FeOQ^ 
FeS2*^  and  FeOOH'^  have  been  proposed,  but  most  of  them  have 
relatively  imr  rechaigeabtlity  and  a  low  dischaige  voltage.  To 
devel^  an  inexpensive  high-voltage  cathode,  we  have  focused  our 
attention  on  Fq(S04)3  siul  its  isostnictural  relatives;  it  has  the 
highest  open-circuit  voltage  (OCV)  of  the  iron-compound 
cathodes. 

Fe2(S04)3  has  a  NASICON-related  framewotk  in  which 
the  SO4  tetraheto  share  comers  with  Fe06  octahedra  and  vice 
versa  to  form  a  three-dimensional  network.  The  interstitial  space 
can  accommodate  four  guest  cations  per  formula  unit,  but  only  two 
Li  atoms  are  needed  to  reduce  the  Fe^'*'  ions  to  Fe^'*’.  Initial 
studies^  found  that  the  framework  of  monoclinic  Fe2(S04)3 
transforms  to  a  new,  apparently  orthorhombic  symmetry  in 
Li2Fe2(S04)3  with  a  constant  OCV  of  3.6  V  versus  a  Li  aiiode, 
but  hexagonal  Fe2(S04)3  remained  hexagonal  and  the  OCV 
decreased  monotonically  with  increasing  Li  coiKentration.  The 
high  OCV  was  attributed  to  the  strong  polarization  of  the  oxygen 
toward  the  sulfur,  which  lowers  the  cr^ent  component  of  the  I%- 
O  bonding.  A  subsequent  study^  found  that  hexagonal  Fe2(S04)3 
niay  also  give  a  nearly  flat  OCV  curve  of  3.6  V  versus  Li  and  an 
initial  ciqracity  of  two  Li  atoms  per  formula  unit 

In  this  paper,  the  synthesis,  characterization  and 
electrochemical  charactoistics  of  the  two  Fe2(S04)3  rmdifications 
are  presented.  In  an  attempt  to  improve  the  rechaigeability  of  an 
Fe2(S04)3  cathode,  a  small  quantity  of  LiTi2(P04)3  was  sdAed 
to  provi^  a  buffer  at  2.S  V  against  the  extrusion  of  metallic  iron. 
In  addition,  the  OCV  of  Li34.xFe2(P04)3  was  obtained  to  see  the 
effect  of  the  polyanion  PO4  versus  SO4  on  the  energy  of  the 
Fe^/Fe2+  couple. 


EXPERIMENTAL 
Preparation  of  monoclinic  Fe2(S04)3 

Monoclinic  Fe2(S04)3  was  prepared  according  to  Long^^l 


TO  DTA 


Fig.  1.  TGA  and  DTA  curves  of  Fe2(S04)3-9H20 
made  by  oxidation  reaction  with  H2O2. 


by  refluxing  ferrous  sulfate  heptahydrate  FeS04'7H20  (Fisher 
Scientific)  in  cone.  H2SO4  for  about  2  hours.  To  remove 
absorbed  moisture  and  sulfuric  acid,  heat  treatment  was  done  in  an 
alumina  crucible  at  350  ®C  for  12  hours  as  described  elsewhere’. 
In  this  work,  we  tried  an  oxidation  reaction  with  hydrogen- 
peroxide  solution  (30  w/o)  as  fdlows; 

2FeS04-7H20  +  H2SO4  +  H2O2  -♦  Fe2(S04)3-9H20 

After  the  nq>id  exothermic  neutralization  reaction,  fine  pale-p|^ 
crystals  were  deposited  in  the  bottom  of  the  flask.  The  fine-panicle 
diameter  was  less  than  20  pm  and  qrproximately  one  SOth  of  the 
raystal  diameter  obtained  by  the  above  reflux  method.  The  weight 
loss  on  TGA  profile  in  Fig.  1  means  that  the  produa  fine  particles 
are  ferric  sulfate  nonahytote  Fe2{S04)3-9H20.  The  precipitate 
was  filtered  via  reduced  pressure  and  washed  with  alcohol.  After 
dehydration  at  300  "C  fOT  10  hours  in  air,  it  was  identified  as 
anhydrous  monocUnic  (space  group  P2i/n)  Fe2(S04)3  (JCPDS 
No.42-229)  by  X-ray  diffraction.  This  synthesis  method  has  some 
advantages;  rapid,  cheap,  no  residual  product  except  water  and 
fine  particles. 

Preparation  of  hexagonal  Fe2(S04)3 

Hexagonal  (space  group  R3)  Fe2(S04)3  can  be  prepar^ 
by  three  methods.  The  fint  is  dehydration  of  as-received  ferric 
sulfate  hydrate,  Fe2(S04)3-nH20  (Kanto  Chemical).  The  TGA 
result  of  Fe2(S04)3-nH20  showed  mote  than  250  ®C  is  necessary 
to  remove  the  crystal  water  fiom  the  Fe2(S04)3  host  matrix’. 
Anhydrous  hexagonal  Fe2(S04)3  was  obtained  by  heating  as- 
received  Fe2(S04)3  nH20  samples  at  250  ®C  for  several  hours  in 
air,  followed  by  heating  in  a  s^ed  quartz  tube  at  600  **€  for  ^ 
hours.  A  simple  one-step  heating  of  the  hydrated  ferric  sulfate  in 
flowing  Ar  or  vacuum  was  tried  at  several  temperatures  T  <  600 
"C,  but  all  attempts  failed  to  yield  a  sin^  hexagonal  phase. 
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The  second  method  involves  a  thennal  decomposition  of 
ammonium  fenic  sulfate,  NH4F^SQ4)2-12H20: 

2NH4Fe(S04)2-12H20 

-♦  Fe2(S04)3  +  25H20t  +  INHjt  +  SOat 
(41.Sw/o)  (46.7w/o)  (3.5w/o)  (8.3w/o) 

Hexagonal  F^(S04)3  was  obtained  by  heating  NH4Fe(S04)2' 
I2H2O  (Kanto  Qiemical)  in  an  alumina  crucible  for  IS  hr  at  500 
"C  in  Ar.  In  this  reaction.  Ar  atmosphere  is  required  to  fnevent  the 
fonnation  of  Fe203.  The  synthesis  tenqrerature  was  determined 
from  the  TGA  curve  of  NH4Fe(S04)2'12H20  shown  in  Hg.  2. 
The  57.2  %  weight  loss  of  NH4Fe(S04)2-  I2H2O  at  500  “C 
agrees  with  the  theoretical  value  (58.5  %)  within  experimental 
error.  The  further  weight  loss  at  temperatures  over  6(X)  **€.  Fig.  2, 
corresponds  to  the  thennal  decomposition  from  Fe2(S04)3  to 
Fe203. 

The  third  method  consists  of  a  thennal  decomposition  of 
amitwnium  ferrous  sulfate,  (NH4)2Fe(S04)2'^20,  as  follows; 

2(NH4)2Fe(S04)2-6H20 

^  FC2(S04)3  +  I4H2OT  +  4NH3T  +  S02t 
(51.0W/O)  (32.1W/0)  (8.7w/o)  (8.2w/o) 

The  heat  treatment  of  (NH4)2Fe(S04)2‘6H20  (Kanto  Chemical) 
was  done  in  an  alumina  crucible  for  15  hours  at  500  "C  in  air.  In 
this  reaction  ferrous  ion  is  oxidized  to  ferric  ion.  The  synthesis 
temperature  was  determined  from  the  TGA  curve  of 
(NIU)2Pe(S04)2'6H20  shown  in  Fig.  3.  The  49.03  %  weight 
loss  of  (NH4)2Fe(S04)2-6H20  at  500  ®C  agrees  with  the 
theoretic^  value  (49.01  %). 

All  of  these  products  were  identified  as  the  anhydrous 
hexagonal  Fe2(S04)3  (JCPDS  No.42-229)  by  X-ray  difftwtion. 
Of  the  above  three  methods,  the  last  one  in  air  is  the  most 
convenient  for  large-scale  production.  In  addition,  the  synthesis 
tenqperature  is  not  high  and  the  operating  temperature  range  from 
450  to  550  **€  is  conveniently  br^.  We  used  here  the  hexagonal 
sairqrle  made  by  the  third  method. 

Preparation  of  LiTi2(P04)3  and  Li3Fe2(P04)3 

Two  other  NASICON-related  cathode  materials, 
LiTi2(P04)3  and  Li3Fe2(P04)3,  were  prepared  by  high- 
temperature  solid-state  synthesis: 


Temperature  [’C] 

Fig.  2.  TGA  and  DTA  curves  of 

NH4Fe(S04)2‘12H20  in  Ar. 


Tempersttire  rCl 

Fig.  3.  TGA  and  DSC  curves  of 

(NH4)2Fe(S04)2'6H20  in  O2. 


LiC104  in  a  1:1  (by  volume)  mixture  of  propylene  carbonate  (PC) 
and  diimthoxyethw  (DME). 


2T1O2  +  3NH4H2PO4  +  O.5U2CO3 
LiTi2(P04)3  +  4.5H2OT  +  3NH3T  +  O.5CO2T 

Fe203  +  3NH4H2PO4  +  1.5Li2003 

Li3Ffe2(P04)3  +  4.5H20T  +  3NH3T  +  I.5OO2T 

Stoichiometric  amounts  of  the  reactants  were  mixed  and  ground 
finely  in  an  agate  mortar.  The  starting  mixtures  were  calcined  first 
at  2d0  -  400  °C  for  several  hours  to  remove  NH3  and  H2O  and  to 
prevent  the  loss  of  Li20;  the  temperature  was  then  gradually  raised 
to  850  “C.  After  filing  at  850  "C  for  2  days  with  intermittent 
grinding,  the  mixtures  were  pelletized  and  filler  sinined  at  1000 
for  12  hours  in  air.  The  products  were  identified  as 

LiTi2(P04)3  (JCPDS  No.35-754,  space  group  R3c)  and 
Li3Fe2(P04)3  (space  group  P2i/n)*  *  by  X-ray  diffraction. 

Cell  preparations 

The  discharge  and  cycling  properties  of  these  cathodes 
were  examined  in  coin-type  cells.  The  cathode  materials  were 
ground  to  fine  particles  with  a  milling  machine  (Spex  #8000 
mixer/mill).  The  cathode  mixture  was  obtained  by  blending 
Fb2(S04)3  with  acetylene  black  and  polytetrafluoroethylene  in  a 
wei^t  ratio  70  :  25  :  5  and  was  pelletized  with  a  hand  press 
having  properly  spaced  rollers.  The  electrolyte  used  was  1  M 


Measurements 

(jell  performance  was  evaluated  at  various  constant  cunents 
at  room  temperature.  X-ray  diffraction  experiments  with  Cu-Ka 
radiation  at  40  kV  and  40  mA  were  carried  out  during  the  first 
cycle  at  the  four  points  shown  in  Hg.  5;  (a)  the  initial  Fe2(S04)3, 
(b)  the  intermediate  discharged  state  LiO.^^(S04)3,  (c)  the  full 
discharged  state  Lii.5Fe2(S04)3  and  (d)  the  full  recharged  state 
Fe2(S(54)3  after  the  full  discharge.  The  cathode  pellets  were 
electrochemically  charged  and  discharged  to  these  states  at  a  rate  of 
0.05  mA/cm^  in  the  coin  cell,  and  enough  resting  time  was  allowed 
for  the  cells  to  achieve  equilibrium  before  X-ray  analyses  were 
initiated.  Discha^ed  and  charged  cathode  pellets  were  washed 
with  anhydrous  rc  in  a  dry  box  and  dried  under  vacuum  for  at 
least  1  hour.  Owing  to  the  sensitivity  to  moisture,  the  X-ray 
patterns  were  recoidcxl  from  samples  sealed  in  an  evacuated 
holder.  The  background  noise  in  the  pattern  was  im|ROved  by  a 
special  configuration  of  the  bolder. 


Fig.  5  shows  the  crystal  structures  of  the  two  Fb2(S04)3 
modificationsl2-l4.  The  open  framework  of  FeOd  octahedra 
sharing  comers  with  SO4  tetrahedra  gives  a  three-dimensionally 
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Monoclinic  Fe2(S04)3  (after  Sudreau) 


Hexagonal  Fe2(S04)3 
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Fig.  5.  Charge>di8charge  profile  of 
monoclinic  Fe2(S04)3. 
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Fig.  4.  Crystal  structure  of  the  two 
Fe2(S04)3  modifications. 


connected  interstitial  space  in  which  the  Li'*'  ions  are  highly 
mobile.  Howevci,  the  FeOg  octahedra  are  isolated  from  one 
another,  which  hinders  electron  transport  via  the  Fe^/Fe^'*’  redox 
couple  of  the  Fe-a-  am  array.  This  situation  may  reduce  the  power 
ciqiability  of  the  cathode.  To  improve  the  cathode  prc^ierties.  the 
panicle  size  of  hexagonal  and  monoclinic  F^(S04)3  was  reduc^ 
by  mechanical  milling  or  by  adopting  the  H2O2  oxidation  method 
of  synthesis.  Figs.  5  and  6  show,  respectively,  the  OCV  curves 
for  the  monoclinic  and  the  hexagonal  starting  materials;  in  b^ 
cases,  a  flat  curve  at  3.6  V  relative  to  a  Li  anode  was  obtained. 

The  X-ray  diffraction  patterns  of  Fig.  7  show  the  structural 
evolution  of  the  monoclinic  Fe2(S04)3  cathode,  Rg.  7(a),  on 
lithium  insertion.  The  final  discharge  product  Li2Fe2(S04)3  is 
onhorhombic  (space  group  Pcan)  and  isostructural  with 
Li3Fe2(P04)3,  Rg.  7(c).  In  the  intermediate  range  0  <  x  <  2, 
l->xFe2(S04)3  contains  both  the  monoclinic  and  the  orthorhombic 
phases,  as  can  be  seen  in  Fig.  7(b)  as  well  as  inferred  from  the  flat 
OCV  curve.  On  recharge,  the  monoclinic  phase  is  almost  fidly 
restored.  Fig.  7(d).  These  results  demonstrate  that  monoclinic 
Fe2(S04)3  is  converted  reversibly  to  orthmhombic  Li2Fe2(S04)3 
via  a  displacement  transition  of  the  NASICON  framework.  The 
flat  OCV  at  3.6  V  versus  Li  is  a  consequence  of  the  coexistence 
the  parent  Fe2(S04)3  and  discharged  Li2Fe2(S04)3  phases. 


Fig.  6.  Charge-discharee  profile  of 
hexagonal  Fe2(S04)3. 
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Fig.  7.  X-ray  diffraction  patterns  of  monoclinic 
Fe2(S04)3  during  the  first  cycle. 
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Although  ^ood  reversibility  at  3.6  V  versus  Li  is  proved 
for  0  <  X  <  2  in  Uxl^2(S04)3,  an  abrupt  voltage  drop  occurring 
fw  X  >  2  is  irreversible.  Suspecting  the  reduction  of  iron  to  the 
elemental  state,  we  sought  to  protect  the  cathode  from  this  reaction 
by  introducing  hexagonal  Li'n2(P04)3  as  a  buffer.  As  shown  in 
Fig.  8,  LiTi2(P04)3  exhibits  an  CX^V  with  a  plateau  at  2.S  V 

Discharge  Capacity  [mAh/g] 


0  80  100  tSO 


X  In  UuxTI2(P04)3 


versus  Li  where  hexagonal  LiTi2(P04)3.  r3c  space  group, 
coexists  with  orthorhombic  141.3112(1*04)3,  Pbca  space  group*^. 
Fig.  9  shows  the  (X^  curve  for  a  20  -  80  w/o  mixture  of 
LiTi2(P04)3  and  Fe2(S04)3  in  the  initial  cathode;  the  3.6  V 
plateau  is  fdlowed  by  a  2.3  V  plateau  versus  Li  as  anticipated. 
Although  a  loss  of  capacity  was  sdll  observed  in  the  second  cycle, 
there  was  no  further  loss  in  capacity  in  the  third  cycle.  This 
preliminary  result  is  encouraging  and  suggests  that  a  more  intiinate 
mixing  of  the  LiTi2(P04)3  and  14112(^4)3  starting  phases  may 
inqtrove  the  reversibility  of  the  electrode. 

Finally,  the  behavior  of  Li3Fe2(P04)3  as  a  cathode  was 
investigated.  Fig.  10,  to  determine  the  influence  of  a  charge  of 
polyanion  from  (804)2-  to  (P04)2'  on  the  Fe^*/Ft^*  redox 
potential.  The  Fe2(P04)3  franKwork  was  expected  to  accept  four 
Li  atoms,  but  Li44-xFe2(F04)3  apparently  transforms  to  a 
structure  that  accepts  4.3  U  atoms,  Hg.  10.  A  plateau  at  2.8  V 
versus  Li  shows  a  shift  in  the  redox  potential  of  0.8  V.  This  result 
is  compatible  with  a  smaller  polarization  of  the  O^*  ions  towards  P 
(V)  than  S  (VI);  the  OCV  of  3.0  V  versus  Li  for  LixFe2(M04)3, 
M  =  Mo  or  W,  indicates  an  intermediate  polarization. 
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Fig.  8.  Charge-discharge  profile  of  LiTi2(P04)3. 
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Fig.  9.  Rechargeability  of  mixed  cathode  with 

20  w/o  LiTi2(P04)3  md  80  w/o  Fe2(S04)3- 
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Fig.  10.  Charge-discharge  profile  of  Li3.|.xFe2(P04)3. 


Both  monoclinic  and  hexagonal  forms  of  Fe2(S04)3  have 
been  shown  to  give  a  flat  OCV  of  3.6  V  versus  Li  on  insertion  of 
Li  to  Li2Fe2(S04)3.  The  flat  OCV  reflects  the  coexistence  of  two 
phases,  and  the  phase  transition  is  reversible.  To  prevent 
decomposition  with  the  extrusion  of  elemental  iron  on  rapid 
discharge,  Fe2(S04)3  was  mixed  with  LiTi2(P04)3,  which 
provides  a  redox  potential  at  2.3  V  versus  Li  to  act  as  a 

buffer.  Preliminary  results  are  encouraging.  Finally, 
Li3Fc2(P04)3  was  shown  to  have  an  redox  energy  0.8 

V  hi^cr  than  that  of  Fe2(S04)3. 
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Attract 

Subalcron  powders  of  LliiMn204  with  spinel  struc¬ 
ture  were  synthesized  by  a  wet  chealcal  aethod,  the 
Index  X  being  the  llthlua  content  In  the  starting 
precursor  aaterlals.  The  kind  of  powders  foraed  depends 
on  the  value  of  x,  and  can  be  divided  Into  three 
coaposltlonal  reglaes  as  deteralned  by  XRO.  These  are: 
a-HnaOa  *  LlMn304,  LlxHnaOa  (isxsl.S),  and  Lli.sHnzOi  * 
LlzHnOs,  for  xsl,  isxsl.S,  and  xal.S,  respectively.  The 
electrochemical  properties  of  the  powders  were  studied 
In  a  galvanic  cell  Ll/IM  LlAsFa  In  PC';’I]ME/LlxMn204.  The 
llthlua  chealcal  diffusion  coefficient  6,  the  Warburg 
Impedance  Wc,  the  relative  capacity  of  the  cell,  and 
the  Internal  resistance  of  the  cell  Ri  were  obtained. 
Two  aaxlaa  versus  composition  are  observed  In  all 
measurements,  and  are  explained  by  Interfaclal  defects 
formed  In  the  two-phase  systems  LlMn204  4  a-MnaOs  and 
Lli.sMnzOa  *  LlaMnOs. 

L.  IntryilvigUpn 

Several  cathode  materials  for  thin  film 
rechargeable  lithium  batteries  are  known.  Among  these, 
the  transition  metal  oxides  show  very  promising  results 
(1-7].  The  lithium  Ions  are  assumed  to  Intercalate 
easily  Into  the  host  lattice  of  the  oxide.  Due  to 
envlronaMntal  demands  manganese  dioxides  appear  to  be 
the  most  promising  of  these  transition  metal  cathodes. 
Manganese  dioxide  appears  In  several  different  lattice 
structures  such  as  g-MnOz,  r-MnOz,  and  A-MnOz,  all  of 
which  are  able  to  Intercalate  lithium  Ions.  The  A-MnOz 
Is  of  the  spinel  structure  and  does  have  much 
Interstitial  space  for  lithium  Ions  to  be  Intercalated 

[8] .  This  A-MnOz  has  shown  Intercalation  concentrations 
of  lithium  Ions  up  to  a  mole  ratio  of  unity,  l.e. 
LlzMnzO*,  where  Mnk)4  refers  to  the  spinel  structure 

(9] . 

It  Is  well  known  that  the  size  of  the  primary  particles 
affects  strongly  the  diffusion  behavior  of  the  lithium 
Ions  [8].  In  fact,  the  smaller  the  primary  particles 
are  the  higher  the  diffusion  coefficient  becomes.  Rapid 
diffusion  of  lithium  Ions  In  the  cathode  material  Is 
highly  desirable  for  good  battery  operation. 

Here  we  report  on  the  results  of  a  wet-chemical 
synthesis  of  submicron  powders  of  lithium  manganese 
oxide  with  the  stoichiometry  LlyMnz04,  and  with  y 
ranging  from  1  to  almost  1.5.  The  powders  are 
characterized  by  X-Ray  Diffraction  (XRD)  and  Scanning 
Electron  Microscopy  (SEM).  The  lithium  diffusion 
coefficient  Is  measured  using  Galvanostatlc 
Intermittent  Titration  Technique  (GITT). 

2^  Experimental  Aspects 

The  submicron  powders  were  synthesized  by  a  novel 
wet  chemical  route  using  manganese  acetate  and  lithium 
hydroxide  with  various  ratios  of  Ll/Mn  (i/zx)  [101.  A 
calcining  step  of  600  °C  Is  used  to  oxidize  the 
precursors.  For  the  chemical  composition  of  the  powders 
the  nominal  Input  concentration  ratio  Ll/Mn  of  the 
starting  materials,  l.e.  LlxMnz04,  Is  used  for 
simplicity.  Hereafter,  the  material  LlyMnz04  refers  to 


the  single  phase  lithium  manganese  oxide  having  the 
spinel  structure  with  various  y  values.  The  details  of 
this  synthesis  will  be  reported  separately. 

The  powders  were  characterized  by  SEM  (JEOL  35)  and  XRD 
(Philips,  PW  1840,  CuKa). 

Prior  to  being  used  as  an  electrode,  all  the  LlxMn204 
powders  were  dried  at  150  “c  for  24  hours  to  remove  any 
water  contamination. 

The  electrochemical  properties  of  the  powders  were 
studied  In  a  galvanic  cell  which  comprises 

Ll/IM  LlAsF  In  PC+DME/Ll  Mn  0 
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In  particular,  the  following  parameters  were 
determined: 

(1)  the  lithium  chemical  diffusion  coefficient  D  In 
the  cathode  material  using  the  Galvanostatlc  Inter¬ 
mittent  Titration  Technique  (GITT)  [11]  (Galvanostatlc/ 
Potent los tat Ic  System  Modes  273  Princeton  Applied 
Research).  It  was  assumed  that  at  a  voltage  variation 
of  less  than  5  mV  per  day  the  system  was  at 
equilibrium; 

(2)  the  dlffuslonal  behavior  (We)  In  the  AC  response 
using  Impedance  Spectroscopy  (Solartron  1255  Frequency 
Response  Analyzer  and  a  Solartron  1286  Electrochemical 
Interface).  The  Impedance  data  were  measured  at  the 
equilibrium  potential,  l.e.  under  conditions  of  the 
absence  of  a  DC  current.  In  order  to  achieve  this,  the 
open  circuit  voltage  was  measured  and  subsequently  a 
negative  voltage  was  applied  to  the  system  by  the 
Electrochemical  Interface.  In  the  Instance  of  a  very 
small  current,  the  system  was  assumed  to  be  at 
equilibrium.  The  Impedance  data  were  analyzed  using  a 
non-llnear  least-squares  (NLLS)  computer  fit  program 
developed  by  6. A. Boukamp  [121; 

(3)  the  relative  capacity  using  the  same  Galvanostatlc/ 
Potentlostatlc  system  combined  with  an  X-Y  recorder. 
The  scan  rate  was  1  mV/s. 

(4)  the  Internal  resistance  of  the  battery  Ri  by 
measuring  the  current  and  voltage  drop  during 
discharging  the  cell. 


3j_  Results  and  Discussion 
1,-  Structural  characterization  of  the  powders 
3. 1. 1  X-rav  diffraction  OOID) 

The  kind  of  powder  formed  depends  on  the  nominal 
value  X  In  LlxMn204,  and  can  be  divided  Into  three 
regimes  as  determined  by  XRD  (Fig.  1).  These 
compositional  regimes  are:  a-Mn203+LlMn204,  LlyMn204 
(Isysl.S),  and  Lll.sMn204+Ll2Mn03,  for  xsl,  lsxsl.5, 
and  xtl.5,  respectively.  As  a  result,  the  color  of  the 
products  changes  from  black  to  orange  on  going  to 
higher  nominal  x  values.  Note  that  a-MnzOa  as  well  as 
the  spinel  LlyMn204  Is  black.  Thus,  It  becomes  possible 
to  synthesize  powders  of  LlyMn204  with  the  spinel 
structure  with  y  ranging  from  1  to  almost  1.5.  Higher 
values  of  x  consequently  result  In  the  formation  of 
co-deposits  of  LlzMnOa.  Lower  values  of  x  result  In  the 
formation  of  o-MnzOs  In  addition  to  LlMnz04. 
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Fig. 1.  XRO-spectra  of  the  synthesized  powder  with 
nominal  values  of  x  In  LI  Mn  0  as  Indicated. 

X  2  4 


3- 1-2  Scanning  electron  microscopy 

The  primary  particle  size  of  the  powders  Is  In  the 
order  of  0.6  pm  as  can  be  seen  In  the  SEH  micrograph 
shown  In  Figure  2.  The  particle  size  did  not  depend 
strongly  on  the  nominal  value  of  x. 


Fig.  2.  A  SEM  micrograph  of  a  typical  Ll^Mn^O^  powder. 

3. 2.  The  electrochemical  properties 

3. 2. 1  The  lithium  chemical  diffusion  coefficient  E 

The  lithium  chemical  diffusion  coefficients  are 
gathered  as  a  function  of  the  nominal  value  x  In  Figure 
5.  The  lithium  chemical  diffusion  coefficients  are 
greater  by  at  least  one  order  of  magnitude  with  respect 
to  the  lithium  chemical  diffusion  coefficients  obtained 
by  solid  state  reaction  reported  In  [8,13,14].  l.e. 
about  5xlO’’cmVs.  The  yalues  obtained  here  range  from 
3.3xlO'®cmVs  to  7.7x10  cm  Vs.  In  addition,  the  powder 
made  by  solid  state  reaction  reveals  lithium  chemical 
diffusion  coefficients  which  are  almost  Independent  of 
the  primary  particle  size  (13-151.  The  variation  In 
primary  particle  size  was  reported  to  be  determined  by 
the  calcining  temperature  115],  The  primary  particle 
size  here  was  observed  to  be  about  0.6  pm  as  already 
mentioned  above.  Therefore,  the  enhancement  In  the 
lithium  chemical  diffusion  coefficient  cannot  be 
related  to  the  primary  particle  size  but  Is  probably 
due  to  defects  on  the  particle  surface,  like 
composition  Inhomogeneltles,  nonstolchlometry,  and  poor 
crystallization. 


Another  striking  phenomenon  is  the  appearance  of  t%(o 
maxima  In  the  lithium  chemical  diffusion  coefficient  as 
a  function  of  the  nominal  value  x.  These  maxima  appear 
near  x^.  75  and  near  x>1.75.  From  XRO  data  It  was  shown 
that  at  these  nominal  concentrations  a  two-phase  system 
occurs  of  either  a-HnzOs  In  addition  to  LlHna04,  or 
LlyHnaOa  (lsysi.5)  In  addition  to  LlzMnOs.  Since  these 
co-deposits  were  a  result  of  a  proper  choice  of  the 
amounts  of  the  starting  materials,  they  were  highly 
dispersed  Into  the  matrix  of  the  spinel.  In  the 
Instance  of  composite  Ionic  conductors,  which  are 
composed  of  a  two-phase  system  having  an  Inert  oxide 
with  a  high  surface  area  In  addition  to  an  Ionic 
conductor,  enhanced  Ionic  conductivity  has  been 
observed  [16-181.  Even  two  orders  of  magnitude  In  the 
enhancement  of  the  Ionic  conductivity  In  LlXCAlzOs)  (X 
la  an  halide)  has  been  reported.  The  mechanism  of  the 
Ionic  conductivity  enhancement  Is  suggested  to  be  the 
formation  of  highly  conductive  Interfaclal  regions 
between  particles  of  the  two  phases.  The  maximum 
conductivity  appears  at  about  25  m/o  of  the  second 
phase  In  the  composite  conductors.  The  maximum 
diffusion  enhancement  In  the  present  case  agrees  quite 
well  with  the  25  m/o  of  the  second  phase  of  either 
a-MnzOa  or  LizMnOs  relative  to  either  LlHn204  and 
LlyHnzOa  (l<y<1.5),  respectively.  While  at  x-0.75  and 
x>1.75,  the  lithium  chemical  diffusion  coefficient 
reaches  maximal  values,  the  further  addition  of  the 
secoixl  phase  component,  relative  to  the  amount  of 
LlyHn204  spinel,  consequently  results  In  a  predominant 
presence  of  this  component,  and,  hence,  a  decrease  of 
the  lithium  chemical  diffusion  coefficient  due  to  the 
lower  bulk  diffusion  of  this  Inert  second  phase 
component. 

3. 2. 2  Ihs  relative  capacitance 

A  typical  cyclic  voltammogram  is  plotted  In  Figure 
3.  The  voltage  separation  between  the  peaks  In  the 
oxidation  and  in  the  reduction  scan  Is  a  measure  of  the 
polarization.  The  higher  the  separation  the  higher  the 
polarization,  and,  hence,  the  chemical  diffusion 

coefficient.  For  the  nominal  value  x"0. 75  this 
separation  Is  the  smallest.  In  addition,  the  area 

covered  by  the  cyclic  voltammogram  represents  the 
capacity  of  the  cell  during  oxidation  and  reduction 
because  the  Y-axls  represents  the  current  and  the 
X-axis  measures  the  time  interval  of  the  cycle.  The 
relative  capacities  of  the  cell  as  a  function  of  the 
nominal  value  x  are  gathered  in  Figure  5.  TWo  maxima 
appear  near  the  same  x-values  as  observed  for  the 
lithium  chemical  diffusion  coefficient.  Some  other 
factors  such  as  the  electrolyte  resistance,  the 

interface  between  the  electrolyte  and  the  cathode  as 
well  as  the  anode  will  also  Influence  the  cell 

capacity.  However,  impedance  analysis  do  not  support 
this  as  will  be  reported  In  a  separate  paper  [19]. 


UlS  (llffuslonal  behavior 

Figure  4  shows  an  example  (x>1.25)  of  the 
recordedlmpedance  spectra.  The  Impedance  of  the  cell  Is 
composed  of  a  double  layer  capacitance,  a  charge 
transfer  resistance,  and  a  Warburg  Impedance  of  both 
electrodes.  However,  the  Warburg  Impedance  of  the 
lithium  metal  electrode  Is  neglected.  In  addition  to 
these  electrode  Impedances,  the  electrolyte  contributes 
a  resistance  to  the  system.  Therefore,  a  simplified 
equivalent  circuit  as  shown  In  the  Insert  of  Figure  4 
has  been  taken  to  fit  the  Impedance  data  using  NLLS 
fitting.  Figure  4  shows  the  experimental  data  as  well 
as  the  fit  results.  The  values  of  the  reciprocal 
Warburg  Impedance  as  a  function  of  the  nominal  value  x 
are  gathered  In  Figure  5.  Qualitatively  the  reciprocal 
Warburg  prefactor  Is  proportional  to  the  chemical 
diffusion  coefficient.  Figure  5  clearly  shows  this 
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proportionality.  In  fact,  the  results  of  the  Warburg 
lapedances  support  the  observations  of  the  chealcal 
diffusion  coefficient  by  GITT. 


Fig. 3.  Cyclic  voltaanograas  of  the  cell  as  given  In  the 
text,  with  A  x=0.7S  and  B  x<>l.S  In  LI  Mn  0  . 
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Fig. 4.  A  typical  Impedemce  spectrum  and  NLLS  fit  result 
of  the  cell  as  given  In  the  text,  with  x=1.2S. 

The  Insert  shows  a  simplified  equivalent  circuit  of  the 
galvanic  cell  with  V  the  externally  applied  voltage.  Re 
the  resistance  of  the  electrolyte.  Re  and  Rc  the  charge 
transfer  resistances  of  the  anode  and  cathode,  respec¬ 
tively,  Cad  and  Ccd  the  double  layer  capacitances 
between  anode  or  cathode  and  the  electrolyte,  respec¬ 
tively,  and  Wc  the  Warburg  Impedance  of  the  cathode. 


His  internal  resistance 

The  Internal  resistance  Ri  was  calculated  using 
Equation  (1), 


with  LCV,  OCV,  1  and  Ri  the  load  circuit  voltage,  the 
open  circuit  voltage,  the  current,  and  the  Internal  dc 
resistance,  respectively.  The  Inverse  Internal 
resistance  represents  the  battery  conductivity  and  Is, 
therefore,  a  measure  of  the  diffusion  of  the  conductive 
species.  The  calculated  values  are  gathered  In  Figure 
5.  Again,  two  maxima  are  observed  near  the  same 
x-values  as  mentioned  above.  Hence,  the  Ri 
measurements,  too,  support  the  concept  of  enhanced 
chemical  diffusion  coefficients. 


Fig. 5.  The  lithium  chemical  diffusion  coefficient  6, 
the  cell  capacity  Cap. ,  the  reciprocal  Warburg 
Impedance  W'*,  and  the  reciprocal  Internal  resistance 
R”*  as  a  function  of  the  nominal  value  of  x  In 
LI  Mn  0  . 
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4.  Conclusions 

Submicron  powders  of  LlxMn204  with  nominal  values  of 
0<x<3  are  synthesized  by  a  wet-chemical  technique. 
Three  regimes  can  be  distinguished:  a-MnzOs  +  LlMn204, 
LlyMn204  (lsyai.5),  and  LlyMn204+Ll2Mn03,  for  xsl, 
laxsi.5,  and  xal.5,  respectively.  The  chemical 
diffusion  coefficients  are  at  least  10  times  higher 
compared  to  6  values  of  powders  made  by  solid  state 
synthesis  techniques.  In  addition,  an  Interfaclal 
diffusion  enhancement  has  been  observed  In  two 
two-phase  regions  near  x»0.75  and  x«1.75.  The  cathodes 
with  these  nominal  compositions  showed  an  Improved 
reversibility,  a  higher  capacity,  and  a  lower  Warburg 
Impedance. 
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Effect  of  Cell  Design  on  Cycling  Life  and  Safety  Behavior  of 
Rechargeable  Li/LixMnOi  cells 


Y.GcraMV,  E.MaitcrmU,  I.Yyuiip«v  ud  P.Dan 
Tadlna  Battciy  OivitiM 
P.O.B«x  75,  Rchw^  7Siaa,  Und 


Abstract 

The  effect  of  cell  desifpi  on  cycling  life  of  LixMn02  AA  cells  is 
studied.  It  is  found  that  an  increase  in  depth  of  discharge  of  Li 
anode  from  22%  to  38%  reduces  the  figure  of  merit  from  80  to 
60.  At  lower  d.o.d  the  cells  can  be  cycled  about  300  times  with 
60/250  mA.  A  .substantial  improvement  of  the  cycling  life  at 
low  discharge  rates  is  obtained  by  using  charge  current 
densities  of  about  0.1  mA/cm^.  The  scrfety  tests  at  abuse 
conditions  show  that  the  cells  are  safe  independently  on  the 
accumulated  capacity  during  cycling. 

IntrwlMtioB 

In  a  previous  communication  [1]  we  showed  tiiat  LixMn02 
cadiode  can  be  cycled  more  dim  500  times  until  the  cathode 
capacity  decreases  from  170  to  120  mAh/g.  In  a  practical  cell 
e.g.  in  AA  size  this  number  of  cycles  drops  substantially  due 
to  a  limited  efficiency  of  the  Li  (metal)  anode. 

A  tremendous  num^  of  publications  [2,3]  was  devoted  to 
diis  problem.  However  die  key  to  rear',  the  maximum  Li 
efficiency  in  practice  is  still  not  found.  On  the  odier  hand 
safety  of  lithium(metal)  rechaigeable  <.ells  is  still  the  subject 
of  many  concerns  [4,5].  It  is  quite  probable  diat  die  safety 
behavior  of  die  Li  secondary  cells  is  closely  connected  to  the 
Li  cycleability  and  it  is  rul^  out  by  die  similar  mechanisms. 
A  recent  study  of  Pasquariello  et  al  [6]  have  shown  diat 
lidiium  does  not  contribute  essentially  in  the  heat  evolution 
and  that  safety  problems  are  nuinly  provoked  by  die 
electrolyte  decomposition.  These  findii^  change  a  common 
understanding  about  die  role  of  Li  in  the  safety  events  of  Li 
rechargeable  cells. 

This  study  is  aiming  to  study;  i)  how  die  design  of  LixMn02 
lechargeidile  AA  size  cell  affects  die  Li  cycling  efficiency  and 
ii)  in  what  extent  the  accumulated  cqiacity,  respectively  Ae  Li 
surfiree  influences  die  safety  behavior. 

ExpcrimcBtai 

"Jelly  roll"  AA  cells  widi  various  anode  to  cathode  ciqMcity 
ratio  and  a  layer  of  "Celgard"  separator  were  built  in  dry 
room.  The  different  depdi  of  discharge  (d.o.d.)  of  the  cells 
were  obtained  (for  die  same  cadiode  mixture)  by  changing  die 
cadiode  thickness  reflectively,  the  length  of  Ae  rollon.  The 
thickness  of  Ae  Li  foil  was  die  same  for  all  versions.  The 
charge/discharge  current  density  was  Ae  same  for  all  cells  and 
equal  to  0.3  rnA/cm^  during  charge  and  I.O  mA/cm^  during 
Ascharge.  Cycling  was  performed  galvanostatically  in  a 
voltage  limit  of  2  to  3.4  V. 

A  nondestructive  meAod  was  employed  to  investigate  Ae 
state-of-healA  during  cycling  of  cells  wiA  Afferent  d.o.d.  The 
mediod  consists  in  measuring  Ae  cell  impedance  at  1000  Hz 
wiA  a  home  made  mstrument. 


A  standard  version  of  0.75  Ah  AA  size  cell  specified  as  TLR- 
7301  was  used  for  all  safety  tests.  The  safety  behavior  of  die 
charged  cells  was  stuAed  at  Afferent  amount  of  accumulated 
cycling  capacity.  The  short  ciremt  test  was  performed  by  cell 
shorting  dmugA  O.OI  ohm.  Cell  current  and  temperature  were 
recorded  simultaneously.  Overcharge  and  overAscharge  were 
made  at  a  constant  current  of  1000  mA  by  using  a  ten  volt 
power  supplier. 

Results  aud  disenssion 

Effect  of  lithium  depth  of discharge  on  its  cycling  efficiency 
According  to  Ae  well  known  equation,  Ae  relationship 
between  die  accumulated  capacity  during  cycling  and  cyclmg 
efficiency  of  Ae  Li  anode,  E,  res.  Ae  figure  of  merit,  FOM  ,  is 
given  by : 

Qa  »  Qex  /(I  -  E)  (I)  respectively, 

Qa>Qa*FOM  (2) 

In  Aese  equations  Ae  accumulated  capacity.  Qa  is  expressed 
as  a  sum  of  Ascharge  capacities,  q  during  cycling  until  Ae  cell 
capacity  drops  to  65  %  of  its  capacity  at  Ae  second  discharge; 
Qex  =  Qo  -  Qi  ,where  Qo  is  Ae  capacity  eqmvalent  to  Ae 
weight  of  die  Li  anode  in  Ae  AA  cell  and  Q]  •  Ae  capacity 
used  for  lidiiation  of  LixMn02  caAodc  during  the  first 
Ascharge.  A  typical  value  of  Q]  for  our  caAodes  is  0. 17  Ah/g 
The  expression  (1*2)  implies  diat  for  a  certain  electrolyte  and 
at  a  constant  cycling  conAtions  Ae  value  of  Qa  should  be 
independent  of  q  if  Ae  Li  cyclmg  efficiency  does  not  change 
during  cycling. 

It  was  of  our  special  mterest  to  understand  how  Ae  depA  of 
Ascharge  of  Li  in  AA  size  LixMn02  cells  affects  Ae  Li 
cycling  efficiency.  Fig.  1  presents  this  dependence  for  Ae 
cells  wiA  Afferent  variation  of  d.o.d.  The  depA  of  Ascharge 
is  calculated  fixim  Ae  eiqnession  qg/  (Qq-  Qi  X  where  qa  is 
Ae  average  Ascharge  capacity  determined  by  Aviding  Ae 
accumAating  cycling  capacity  hy  n. 

It  is  obvious  from  Fig.  I  Aat  Ae  cycling  efficiency, 
reflectively.  FOM  strongly  depends  on  d.o.d.  The  relationship 
between  d.o.d.  and  FOM  is  linear  in  all  range  of  stuAed  d.o.d. 
A  slight  deviation  firom  Imearity  was  observed  at  higher  d.o.d. 
An  increase  of  d.o.d.  fiom  about  22%  to  about  38%  gives  rise 
to  a  decrease  m  FOM  fiom  80  to  60  resp.  Ae  cyclmg 
efficiency,  E  fiom  0.987  to  0.983.  According  to  eqs  1  and  2 
Ae  cycling  number  Aso  decreases  wiA  d.o.d  which  is 
presented  m  Ae  same  figure. 

A  similar  relationship  was  reported  by  Makrides  et  al  [7]  and 
Post  and  Takeuchi  [8]  for  Ae  AA  size  Li/TiS2  accumAators. 
For  elucidation  of  Ae  reasons  for  Ae  Ascrepancy  between  Ae 
requirements  of  eq.l  and  Ae  experimentA  resAts  obtAned 
(Fig.l),  Ae  cell  impedance  at  1000  Hz  was  followed 
simAtaneousIy  during  cycling.  In  order  to  consider  a 
contribution  of  each  electrode  impedance  to  Ae  overAI  cell 
impedance  ,  preliminary  impedance  measurements  A  OCV  of 
Ae  charged  cells  in  Ae  range  of  100  kHz  to  0.1  Hz  were 
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performed  by  using  a  Li/Lt^  reference  electrode.  It  was 
observed  that  at  1000  Hz  the  impedance  includes  the 
electrolyte  resistance  and  part  of  the  anode  impedance.  The 
cathode  impedance  was  negligibly  small. 

Fig.2  presents  the  cell  impedance  Zkxn)  as  a  fimction  of  the 
accumulated  capacity  during  cycling  at  three  different  d.o.d.  of 
30,  38  and  47  %.  As  one  could  see  from  the  figure  the  rate  of 
impedance  change  with  cycles  is  comparatively  small  in  most 
part  of  the  cycling  life  until  a  critical  value  of  accumulated 
capacity  is  reached.  Then  at  a  certain  amount  of  Qa  a  steeper 
increase  of  Z  was  observed.  The  increase  of  cell  impedance 
coincides  well  with  a  higher  rate  of  capacity  dropping  in  the 
end  of  the  cycling  life  (Fig  3).  This  led  us  to  a  suggestion  that 
the  anode  is  responsible  for  the  observed  increasing  of  cell 
impedance  .  Post  mortem  analysis  of  the  cells  confirmed  our 
prediction.  It  was  found  that  independent  on  the  d.o.d.  applied 
during  cell  cycling,  the  bulk  Li  was  nearly  completely 
exhausted  and  the  anode  lost  its  integrity  even  in  the  cell 
containing  enough  electrolyte  after  long  cycling.Therefore  the 
reduced  amount  of  Qa  found  at  hi^er  d.o.d.  is  because  of 
lower  Li  cycling  efficiency  as  was  shown  in  Fig.  I.  The 
mechanism  of  this  process  is  under  investigation. 

( yding  life  at  some  special  conditions 
It  is  well  known  [9,10]  that  lithium  rechargeable  cells 
substantially  reduced  their  cycling  life  at  low  discharge  rates 
e  g.  15-20  hrs.  Fig.  4  presents  the  results  of  cycling  test  of 
TLR  -7301  cells  at  40  mA  discharge  and  60  mA  charge.  All 
cells  completed  their  life  after  50-60  cycles  because  of  much 
higher  than  permitted  10%  difference  between  the  charge  and 
discharge  capacity.  This  is  considered  [9]  as  an  indication  of  a 
soft  short  circuit  because  of  dendrite  formation..  An 
improvement  in  the  cycling  life  was  obtained  by  using  of  a 
special  separator  (curve  2).  Following  findings  of  Juzkow 
[10],  we  cycled  the  cells  with  a  charge  current  of  20  mA 
instead  of  60  mA  keeping  the  same  discharge  current  of  40 
mA.  The  results  are  summarized  in  curve  3  at  the  same  figure. 
After  6  months  the  cells  are  still  cycling  collecting  170  cycles 
with  an  accumulated  capacity  of  120  Ah  without  appreciable 
disbalance  between  charge  and  discharge  capacity. 
Considering  a  very  low  rate  of  impedance  change  in  the  last 
100  cycles  (see  the  same  figure)  it  would  be  predicted  that  the 
cells  could  reach  a  cycling  life  close  to  that  at  the  standard 
regimes(  see  also  Fig.  2  and  3).  This  drastical  improvement  in 
the  cycling  life  supports  an  idea  that  the  formation  of  a  thick 
passive  layer  on  the  Li  surface  during  a  long  discharge  is 
responsible  for  the  dendrite  formation  and  it  could  be 
overcome  by  reducing  the  charge  current  density  to  a  value  of 
about  0. 1  mA/cm2. 

One  of  drawbacks  of  the  Li  rechargeable  cells  is  their  shorter 
cycling  life  at  temperatures  about  0  and  50  OC.  Fig.  5  presents 
the  results  of  cycling  tests  of  TLR-7301  at  O^C  and  450C.  The 
cycling  was  performed  at  the  same  conditions  as  at  room 
temperature  (60/250  mA).  Because  of  higher  electrolyte 
resistivity  at  O^C  the  cell  capacity  was  reduced  by  about  30% 

Nevertheless  more  than  120  cycles  were  obtained  at  this 
temperature.  After  end  of  life  the  cells  kept  their  reliability  for 
cycling  at  RT  delivering  the  remaining  accumi/!.ited  capacity. 
Probably  because  of  some  acceleration  of  the  passivation 
processes  on  Li  and  the  electrolyte  decomposition  at  higher 
temperature  the  cycling  life  at  450C  is  reduced  to  about  150 
cycles . 


Safely  behavior  at  short  circuit  at  different  Qa 
In  a  series  of  papers  [11,12]  it  was  demoastrated  that  the 
(m>l»bility  of  safety  hazards  for  Li/LixMn02  and  Li/MoS2 
accumulators  increases  with  cycle  number.  Recently  Laman  et 
al  [13]  presented  data  showing  diat  the  termal  stability  of  the 
cells  decreases  with  accumulated  capacity  and  only  by  using  a 
safety  low  melting  separator  the  peak  temperature  at  short 
circuit  expoiment  could  be  kept  below  a  critical  tenq>eratinc 
at  which  explosion  can  occur. 

Fig.6  presents  a  dependence  of  die  peak  temperature  on 
accumulated  capacity,  Qa  of  our  TLR-7301  Li/LixMn02  cells 
at  short  circuit  through  0.01  ohm.The  cells  were  prepared  only 
with  one  layer  of  standard  "Celgard"  separator  and  were 
cycled  as  was  described  in  the  experimental.  A  very  small 
increase  in  the  peak  temperature  widi  accumulating  capacity 
was  found.  An  appreciable  dropping  of  the  peak  temperature 
at  short  circuit  was  observed  approximately  after  a  half  of  the 
accumulated  capacity  probably  because  of  cell  impedance 
increasing  (see  also  Fig.3).  However  even  at  the  highest  peak 
temperatures  neidier  explosion  or  opening  vent  with  fire  were 
observed  demonstrating  very  high  safety  reliability  of  our  cells 
and  its  independence  on  the  accumulated  capacity  during 
cycling.  Similar  to  the  finding  in  [6]  this  results  suggest  that 
the  contribution  of  Li  in  the  heat  evolution  is  negligible  if 
other  factors  as  e.g.  electrolyte  decomposition  could  be  limited 
during  abuse  conditions. 

The  preliminary  short  circuit  test  (Fig.  7)  of  a  2,5  Ah  C  size 
cell  showed  similar  to  that  of  AA  size  cell  behavior.  The  cell 
was  tested  after  10  cycles.  The  temperature  was  less  than 
IIQOC  when  a  smooth  opening  of  the  vent  occurred. 
Compared  to  published  results  for  C  size  Li/LiMoS2 
rechargeable  cells[14]  no  external  cooling  or  fuses  were  used 
in  this  experiment. 

It  is  expected  that  the  relationship  between  the  peak 
temperature  and  accumulated  capacity  for  our  C  size 
rechargeable  cells  is  similar  to  that  presented  in  Fig.  6.  The 
experiments  to  clarified  this  dependence  are  well  under  way. 
Safe  test  al  overcharge  and  overdischarge 
Fig.  8  shows  the  behavior  of  die  cell  at  overcharge  under  a 
constant  current  of  1000  mA.  The  maximum  temperature 
measured  at  the  can  was  120'’C.  At  this  moment  of  the  peak 
temperature  ceil  voltage  raised  to  the  cut  off  voltage  of  the 
charger  of  lOV.  The  cell  was  kept  at  this  voltage  about  30 
min.  more  and  no  events  were  observed.  By  that  time  die 
temperature  dropped  and  the  charger  was  disconnected. 

No  events  were  observed  also  at  300-500%  overdischarge  widi 
a  current  of  1000  mA.  The  cells  exposed  to  these  tests  were 
not  protected  by  electronic  devices  and  reached  in  some  cases 
-10  V  without  hazards. 

Crush  tests  to  30%  of  the  o.d.  and  nail  penetration  were 
performed  and  no  fire,  explosion  or  cell  decomposition  were 
observed. 

Conclusions 

A  A  size  Li/LixMn02  (TLR-7301)  rechargeable  cells  with 
maximum  specific  energies  of  290  wh/l  and  125  wh/kg  were 
developed.  The  cells  can  be  cycled  at  room  temperature 
between  2  and  3.4  V  more  than  300  rimes  at  3  hours 
discharge  rate  and  about  150  rimes  at  0  and  45t’C.  An  average 
rate  of  capacity  decline  of  0. 1 2  %  per  cycle  was  measured  for 
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die  most  part  of  die  cycling  life. 

AA  size  Li/LixMn02  (TLR-7301)  rechargeable  cells 
demonstrated  safe  behavior  at  abuse  conditions  as  short 
circuit,  ovocharge  and  overdischarge  as  well  as  at  crush  and 
nail  penetration.  Hk  preliminary  tests  with  2.SAh  C  size  cells 
showed  also  very  safe  behavior. 
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Fig.  I.  Effect  of  depth  of  discharge,  d.o.d.,  on  Figure  of 
Merit  FOM,  and  cycle  number 


Fig.  2.  Change  of  impedance  at  1000  Hz  with 
accumulated  capacity  at  different  d.o.d. 
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Fig.  3.  Capacity  -  cycles  dependence  for  AA  size 
Li/LixMn02  cells  at  different  d.o.d. 
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Fig.  4.  Effect  of  low  dischai^e  rate  (40  mA)  on  cycling  life. 
Charge  currents:  1  -  60  mA;  2-60  mA  (special 
separator);  3-20  mA. 
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Fig.  7.  Short  circuit  of  a  2.5  Ah  C-size  Li/LixMn02  cell 
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Fig.  5.  Cycling  of  TLR-7301  at0°C  and45'’C. 
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Fig.  8.  Overcharge  at  1000  mA  after  60-th  cycle.  Power 
supply  -  lOV. 


Fig.  6.  Effect  of  accumulated  capacity  on  peak  temperature 
at  short  circuit  test  of  AA  size  Li/LixMn02  cells. 
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Abstract 

Lithium-ion  rechargeable  battery  system  has  been  examined  in  a 
bipolar  configuration  using  petroleum  coke  and  graphite  anode  and 
LiCoOj  cathode  materials  in  IM  LiCIO^  (PC/DME  or  EC/DMC) 
electrolytes.  The  continuous  and  pulse  cycling  behavior  was 
evaluated.  The  effects  of  overcharge  and  overdischarge  on 
performance  was  also  examined. 

Introduction 

Since  the  first  announcement  of  its  cmnmercialization,  lithium-ion 
rechargeable  batieiy  system  has  received  considerable  interest.  The 
use  of  carbon  materials  as  anodes  instead  of  metallic  lithium 
provides  excellent  cycling  efificiency  and  safety  characteristics  of 
the  system.  Li-ion  moves  back  and  forth  between  the  lithiated 
transition  metal  oxide  cathode  and  carbon  anode  in  the  presence  of 
aprotic  electrolyte  during  the  charge/discharge  process  and  no 
metallic  lithium  is  plated. 

Cathode  reaction: 

charge 

LiMOj  y.  T  Li,.^0,  +  xLr  +  xe’ 
discharge 


Anode  reaction: 

charge 

C  +  xLi*  +  xe'  Li,C 

discharge 

The  Li-intercalation  process  involves  three  principal  steps: 

•  diffusion  or  migration  of  solvated  Li*  ions  to  the 
Helmholtz  plane  of  the  double  layer  at  the  host  lattice 

•  desolvatkm  and  injection  of  Li*  ions  into  the  vacancy 
structure  at  the  near  surface  of  the  host,  and 

•  diffusion  of  Li*  into  the  bulk  of  the  host  lattice. 


The  inherent  cotuacteristics,  e.  g.,  slow  intercalatioo  process, 
organic  electrolytes  of  relatively  low  icmic  conductivity  and  non- 
metallic  electrodes  make  the  Li-ion  system  a  relatively  low  rate 
system. 

The  rate  of  any  battery  system  can  be  improved  through  the 
improvement  of  mass  transport  behavior  (ionic  path)  and/or  design 
parameters  (electronic  path).  In  an  attempt  to  improve  the  rate 
capability.  Li-ion  battery  tystem  has  been  examined  in  a  bipolar 
o^guration.  In  bipolar  design,  there  is 

•  no  bus  bars  or  intercell  connectors 

•  insignificant  resistance  losses  along  or  across  electrodes 

•  minimal  resistance  losses  in  between  cells,  and 

•  uniform  current  and  potential  distributioa 

The  unique  combination  of  the  above  characteristics  minimizes 
uneven  utilization  of  materials  and  prevents  polarization  losses  that 
could  lead  to  direct  plating  of  metallic  lithium  on  the  carbon  rather 
than  intercalating  into  the  electrode  structure  particularly  at 
relatively  high  rate.  Li-ion  system  in  bipolar  design  is  suitable  for 
ctmtinuous  high  rate  and  high  pulse  power  qvplicatioas. 

Experimental 

The  carbon  materials  used  as  arKxles  in  this  stu^  were  either 
petroleum  coke  (Conoco)  or  graphite  (Lonza).  The  active  carbon 
material  was  mixed  with  5%  polyvinyledene  fluoride  (PVDF)  in 
cyclopentanone  and  spray-coated  on  copper  substrate.  The  positive 
electrode  was  made  fixxn  a  mixture  of  LiCoOj  (Johnson  Matthey), 
carbon  black  and  either  PVDF  or  TFE  binder.  Micrcqxxous 
polypropylene  (Celgard  2400)  was  used  as  separator. 

The  electrolyte  was  IM  LiC104  either  in  a  mixture  of  propylene 
carbonate  and  dirnetbootyethane  (1:1  v/v)  or  ethylow  carbonate  and 
dimethyl  carbonate  (1:2  v/v).  The  electrolyte  was  stored  under 
lithium  chips  at  least  48  hours  prior  to  activation  ci  the  cell.  The 
water  content  of  the  electrolyte  was  less  than  20  ppm  (by  Carl 
Fisher  Coulcaneter). 
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Figure  1  shows  the  arrangement  of  a  single  cell  Li-ion  system  in 
bipolar  configuration.  The  negative  and  positive  electrode  plates 
(end  plates  of  a  true  bipolar  battery)  were  placed  over  each  other 
with  the  separator  in  between  them  and  compressed  with  the 
screws  around  the  edges.  A  Teflon  0-ring  was  us^  to  seal  the  cell. 
The  cell  was  vacuum-filled  with  the  electrolyte  through  an  opening 
at  the  top  of  the  negative  electrode  plate.  The  opening  was  kept 
closed  with  a  two-way  valve.  The  geometrical  electrode  area  is  70 
cm*. 


Fig.  1:  Single  Cell  Arrangement 

For  multicell  stack  assembly,  thin  bimetallic  substrate  was  used. 
The  copper  side  of  the  bimetallic  substrate  was  bonded  with  the 
lithiated  cobalt  dioxide  cathode  materials  and  the  aluminum  side 
with  the  carbon  anode  materials.  High  density  polyethylene 
polymer  ring  was  molded  around  the  edges  of  the  substrate, 
which  was  used  for  insulation  and  seal  of  each  cell.  After 
activation  with  proper  amount  of  the  electrolyte  in  argon-purge 
dry  room  area,  the  multicell  bipolar  stack  was  compressed  using 
a  flange  around  the  edges.  The  compression  provides  good 
sealing.  Additional  sealing  was  assured  by  melting  and  bonding 
the  outside  polypropylene  ring.  Figure  2  shows  the  multicell 
assembly  of  the  Li-ion  bipolar  battery. 


The  dectrodienaical  meesuremenis  fir  single  cells  were  carried  out 
using  a  Maccor  32-statioo  cycler  programmed  with  a  computer  to 
control  duty  cycle  and  to  monitor  and  store  data.  A  home-made 
cycler  was  used  for  multicell  bipolar  battery.  The  single  cells  and 
multicell  batteries  were  galvanostatically  charged  and  diadiarged 
between  a  specified  voltage  limits. 

Results  and  DiscmiioB 

Single  Cell  Tests 

Continuous  Discharge  Characteristics 

Figures  3  and  4  show  the  second  discharge  profiles  of  two  single 
cells  made  fi-om  petroleum  coke  and  gr^Ute  anode  materials, 
respectively.  Both  the  cells  were  char^  to  4.0  V  vs.  Li  at  1 .5 
mA/cm*  and  then,  after  S  minutes  of  rest  period  (at  OCV),  the  cells 
were  discharged  to  2.75  at  l.S  mA/cm*.  The  cell  with  petroleum 
edee  anode  had  delivered  a  capacitor  Df  255  mAh/g  of  caixn  with 
a  slopping  discharge  profile.  Much  hi^er  capacity  (336  mAh/g  of 
carbon)  was  obtain^  fiom  the  cell  with  graphite  anode  and  the 
discharge  profile  was  almost  flat 


mMi/9  el 


Fig.  3:  Discharge  behavior  of  a  li-ion  single  cell  (end  plates 
of  a  bipolar  battery)  at  13  mA/cm*.  Catbode:  LiCoO,; 
Anode:  Petroleum  Coke;  Electrode  Area:  TOcm* 


BI-POLAR  Li-ION  BATTERY 
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Fig.  4:  Discharge  behavior  of  a  Li-ion  single  ceO  at  13 
mA/cm*.  Cathode  :  LiCo02;  Anode:  Graphite;  Electrode 
Area:  70  cm*. 
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PuUt  Dischargt/Chargt  Charaettristies 

The  odl  made  witfi  9if)htle  aiode  was  charged  at  2  mA/on^  to  4.0 
V  and  then  continumisiy  disdiarged  and  charged  between  the 
voltage  limits  2.7S  and  4.1  V  for  3000  times.  The  cell  was 
discharged  at  4S  mA/cm^  for  S  seconds  and  charged  at  S  mA/cm^ 
fer  45  seccnds.  The  chargeAliacharge  characteristics  are  sdiown  in 
Fig.S.  Figure  6  shows  the  end  of  discharge  voltage  vs.  cycle 
number. 


F%.S:  Charge/Discliarte  behavior  of  a  Li-ion  tingle  cell  at  45 
mA/em*  discharge  for  S  seconds  and  SmA/cm*  charge  for  45 
seconds.  Cathode:  LlCoOt;  Anode:  Graphite;  Electrode 
Area:  70  cm’ 
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Fig.  6:  End  of  Discharge  Voltage  vs.  cycle  number  of  a  Li-ion 
single  celL  Cycling  conditions  are  as  in  Fig.  5. 

Continuous  Discharge  Characteristics  after  Puke  Cycles 

After  3000  pulse  cycles,  the  cycling  was  intentionally  terminated 
in  order  to  examine  again  the  continuous  discharge  behavior  of  the 
cdL  The  cell  was  charged  to  4. 1  V  and  then  discharged  to  2.75  V 
at  2  mA/cm’.  Figure  7  represents  the  discharge  profile.  The  cell 
delivered  a  capacity  of  334  mAh/g  of  carbon. 


Fig.  7:  Dbchaige  behavior  of  a  Li-ion  single  cell  at  2  mA/cn’ 
(after  delivering  3000  pube  cycles). 

Effect  of  Overdischarge/Overcharge 

Figure  8  dxnvs  the  effect  of  overdischarge  of  the  Li-ion  single  cell 
made  with  graphite  anode  and  LiCoOj  cathode.  The  cell,  after 
diargingto4.1  V  at  2  mA/cm’ (total  charge  capacity  325  mAh/g 
of  carbon),  was  allowed  to  discharge  at  2  mA/cm’  for  30  minutes 
and  then  a  load  of  50  mA/cm’  was  applied  until  the  ceil  went  to 
reversal.  The  cell  was  then  again  discharged  at  2  mA/cm’  for 
another  30  minutes  (total  capacity  delivered  in  this  discharge 
process  =  1 53  mAh/g  of  carbon). 


Fig.  8:  Discharge/over  discharge  behavior  of  a  LMon  single 
ceiL 

The  same  cell  was  then  charged  at  constant  voltage  of  4. 1  V 
(current  load  went  up  to  0.85  Ampere.  1 2  mA/cm’)  for  30  minutes 
and  then  at  4.9  V  (current  lo^  went  upto  2.4  Asapext,  35 
mA/cm’)  for  30  seconds  and  finally  again  at  4.1  V  foraiDod>er30 
minutes  (total  capacity  in  this  charge  process  142  mAh/g  of 
carbon).  After  overcharging,  the  cell  was  then  discharged  to  2.75 
V  at  2  mA/cm’.  The  capacity  delivered  in  this  discharge  process  is 
307  mAh/g  of  carbon.  The  variation  of  voltage  and  current  with 
time  for  the  whole  operation  is  shown  in  Fig9. 
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Fig.  9:  VarlatioB  of  voltage,  current  and  time  during 
charge/overcharge  and  dUcharge  of  a  Li-ion  eingie  celL 


Muhiceli  Stack  Test 

A  four-cell  stack  bipolar  battery  was  made  with  petroleum  coke 
anode  and  LiCoO,  c^faode  materials.  The  battery  was  cycled  at  1 .5 
mA/cm^  between  the  voltage  limits  16.4  V  and  11.0  V.  The 
charge/discharge  bdiavior  of  the  battery  is  shown  in  Fig.  10.  The 
battery  failed  to  cycle  due  to  electrolyte  leakage  around  the  seal 
after  delivering  72  cycles. 


SnniHiarv 

The  test  results  indicate  that  Li-ioo  system  in  bqwlar  oonfiguiitiao 

•  can  deliver  excellent  cqiacity  even  at  idativdyhi^  rate 

charge/discharge 

•  can  deliver  more  than  3000  hi^  rate  pulse  cycles 

•  can  provide  continuous  charge/disdurge  cycles  even 
after  delivering  several  thousands  of  high  nte  pulse 
cycles 

•  can  accept  limited  overdischarge/overcharge 
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Fig.  10:  Discharge  behavior  of  a  4-ceil  stack  bipolar  Li-ion 
battery  at  1.5  mA/cm*.  Cathode:  LiCoOj;  Anode:  Petroleum 
Coke 
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Abstract 

This  ptyter  reviews  the  development  of  an  aluminum-air  field 
charger  for  military  NiCd  power  packs.  The  electrolyte  for  this  six 
cell  device  is  pre^Mued  in  the  field  using  water  from  virtuaUy  any 
source  to  dissolve  a  packet  of  salt  The  device,  filled  with  the 
electrolyte,  chturges  a  military  BB  590/U  (2  Ah  24  V  NiCd)  Power 
F^ck  in  4  hours  using  pulse  charging  and  a  sophisticated  charge 
termination  routine.  It  contains  no  hazardous  materials  and  it  is 
reusable. 


Introduction 


Concept 

The  Special  Technology  Office  of  the  Secretary  of  Defense  for 
Comrnan^  Control  and  Coirununications  (OSD-C3I,  Sl^  directed  the 
examination  of  aluminum-air  technology  to  determine  if  it  could  be 
adapted  for  use  as  a  field  charger  for  Special  Operations  Forces.  SOF 
require  a  charger  that  is  highly  reliable  but  one  Aai  places  little  denuuid 
on  the  operator  so  that  he  may  attend  to  other  business.  The  two 
charging  technologies  presently  used  by  SOF,  solar  panels  and  hand 
cranked  generators,  have  serious  drawbacks  which  limit  their 
operational  usefulness.  Both  require  direct  operator  involvement 
throughout  the  charging  cycle.  The  use  of  solar  panels  is  weather 
dependent  They  require  regular  repositioning,  and  they  risk  exposing 
the  operator’s  position  to  a  searching  enemy.  Hand  cranked 
generators,  while  more  covert  and  weather  and  time  of  day 
independent  require  rigorous  operator  effort  to  use. 


Development  Program 


Ceil  DcvdOBOimt 

Aluminum-air  cells  were  developed  through  modeling  and 
experimentations  to  define  optimum  performance  characteristics  for 
this  application.  Bearing  on  this  analysis  were  issues  of  current 
density,  electrolyte  volume,  surface  area  and  voIuiik  of  anode,  anode- 
cathode  gap  spacing,  heat  numagement,  considerations  regarding 
fUing  and  emptying,  and  weight  and  volume  constraints. 

Electrodes:  Alcan  AB  alloy  was  selected  for  the  anode  for  this 
application.  This  alloy  has  low  polarization  loss,  low  self-discharge 
and  high  (70-75%)  utilization  efficiency  in  this  application.  The 
cathode  used  was  Alupower’s  AC65  gas  diffusion  electrode  (Figure 
2).  This  electrode  consists  of  two  layers  of  impregnated  carbon  fibers 
covering  both  faces  of  a  nickel  grid  current  collector.  The  air  side  is  a 
hydrophobic  Teflon®  coating  to  prevent  electrolyte  leakage. 


Chemical  Reaction  Layer 
Metal  Grid  Current  ChllectOT 


Chemical  Reaction  Layer 
Porous  Film 


Figure  2  Cathode  Composition 


The  concept  was  to  design  a  collapsible  aluminum-air  device 
that  could  have  v^  long  shelf  iSe,  occupy  a  minimum  of  space  when 
not  in  use,  and  be  stored  and  transported  safely  even  when  carried  by 
troops  being  air  dropped  into  oper^onal  areas.  The  concept  called  for 
the  device  to  be  able  to  be  filled  with  electrolyte  and  emptied  in  the 
field.  It  was  required  to  be  capable  of  reliably  charging  a  single 
BB590AJ  Power  Pack  (2  Ah,  24V  NiCd  battery)  with  each  fill  of 
electrolyte  and  have  the  capabiliQr  of  being  used  7  times. 


Background 

Because  of  its  high  practical  energy  density  (between  200  and 
400  Wh/kg),  aluminum-air  technology  has  been  under  study  and 
development  for  militaiy  applications  for  several  years* .  An  earlier 
development  effort  resulted  in  the  design  of  an  alkaline  based 
aluminum-air  system  capable  of  powering  an  EHF  satellite 
communications  tadio.2  That  research  demonstrated  that  man  portable 
plications  of  aluminum-air  technology  were  very  feasible. 

The  key  elements  in  all  aluminum-air  systems  are  the 
aluminum  alloy  anode  which  must  operate  at  high  columbic  efficiency 
over  a  wide  range  of  current  density  and  an  economical  high 
performance  air  electrode.  Figure  1  is  a  schematic  diagram  of  an 
aluminunvair  cell,  with  the  chonical  reaction  at  each  electrode. 


Air  Cathode 

02(air) 

Electrolyte  - 

Aluminum  Anode 

i_L 

► 

Anode:  Al=A]+3  +  3e- 
Cathode:  O2+  2H2O  +  4e'  =  40H' 
Overall:  4A1  +  30:  +  6H2O  =  4AI(OH)3 


Heat  Management:  The  chemical  reactions  that  occur  in 
aluminum-air  cells  are  exothermic,  with  heat  and  power  released  in 
generally  equal  quantities.  Heat  management  was  achieved  by  natural 
convection  of  the  electrolyte  within  the  cell.  The  results  are  that  the 
cells  reach  a  steady  state  of  42°C,  well  below  the  targeted  maximum 
operating  temperature  of  6S°C. 

Cell  Construction:  Analysis  of  cell  constmetion  methods 
proved  a  more  complicated  task  than  the  cell  chemistry.  To  obtain  dre 
surface  area  and  the  capacity  needed,  cells  approximately  8”  x  5”  by 
0.5”  thick  capable  of  containing  300  ml  of  electrolyte  were  needed. 
Because  of  the  large  surface  areas  required  for  the  cathode  and  anode 
and  the  restrictions  on  the  overall  size  of  the  device,  it  was  essential  to 
minimize  the  amount  of  inactive  surface  area,  volume,  and  material 
weight. 


Three  solutions  were  devised.  Two  versions  feature  a 
composition  skeleton  frame  assembly,  one  of  extruded  and  the  other 
of  machined  plastics,  which  serve  as  a  housing  for  the  anode  and  as  a 
two  sided  “picture”  fame  to  which  the  cathode  is  attached  to  both  faces 
by  adhesives.  The  third  version  is  a  single  face  unit  of  molded  epoxy 
with  the  edges  of  the  cathode  molded  in.  Two  fi-ames  are  fused 
together  around  a  centrally  positioned  anode  to  form  a  single  cell. 

High  initial  set  up  costs  precluded  furthering  this  line  of 
research  beyond  identifying  acceptable  candidate  manufacturing 
solutions.  For  the  proof-of-concept  prototypes  delivered  under  the 
contract,  an  unframed  cell  was  devised.  This  cell  consists  almost 
totally  of  cathode  material,  folded  at  right  angles  at  the  bottom  and 
sides  and  glued  to  form  an  open,  box-Uke  envelope  (Figure  3).  It 
works  so  well  that  it  may  be  the  configuration  of  choice  when  this 
device  enters  manufacturing. 

CoUapsibilitv:  The  initial  concept  was  to  design  a  collapsible 
unit  in  which  at  least  the  air  space  between  cells  could  be  eliminated 


Figure  1  Aluminum-air  Schematic 
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when  the  unit  was  prepared  for  transport.  Ideally,  even  the  anode- 
cathode  gap  (which  is  empty  when  the  device  is  not  in  operation), 
would  be  closed.  This  seemed  necessary  based  on  early  analysis 
which  suggested  the  cells  would  need  to  be  larger  than  proved 
necessary. 

This  became  less  important  as  much  thinner  cells  were 
required  for  this  application  (0.5")  than  had  been  anticipated  and  the 
required  air  space  between  them  was  also  substantially  reduced 
(0.25”).  Attempts  to  incorporate  collapsibility  within  these  already 
compact  cells  caused  severe  problems  with  regard  to 
manufacturability  and  cost,  as  well  as  in  the  design  of  a  filling  and 
draining  solution.  No  economical  solution  was  found  at  the  time  and 
that  aspect  was  abandoned. 

A  fixed  cell  configuration  was  therefore  adopted  consisting  of 
cells  0.5”  thick  with  a  0.25”  space  between  them  capable  of  supplying 
the  approximately  12.5  Ah  discharge  at  l.OV  per  cell  requii^.  A 
header  top  plate  was  fabricated  onto  which  the  ceils  are  mounted  and 
fastened  in  place  with  adhesives.  The  plate  has  an  opening  at  one  end 
to  facilitate  rapid  filling  and  draining  of  the  cells. 

Electrolyte  Development:  Ptelimina^  investigations  led  to  the 
formulation  of  a  trisodium  citrate-based  saline  electrolyte.  Although 
this  met  the  operating  requirements  of  the  charger,  testing  revealed  tlut 
if  the  cells  were  not  drained  soon  after  being  used  to  full  capacity 
(worse  case  performance  -  charging  a  NiCd  that  had  been  drained 
further  than  normal),  the  electrolyte  gelled  in  the  cell  precluding  their 
reuse.  Because  of  the  requirement  to  reduce  the  overall  size  of  the 
cells,  the  cells  were  configured  to  contain  only  the  minimum  volume 
of  electrolyte.  When  stressed  to  full  potential,  the  electrolyte 
performed  its  mission  but  the  accumulated  volume  of  aluminum 
hydroxide  in  solution  saturated  it  and  precipitated  as  a  gel.  This  was 
unacceptable.  The  soldier  in  the  field  needed  a  wider  margin  for  error. 
In  addition,  the  total  weight  of  trisodium  salt  needed  to  enable  the 
chemical  process  in  each  of  the  seven  cycles  of  use  exceeded  the 
weight  limits  established  for  the  program.  It  was  necessary  to  devise 
an  improved  electrolyte. 

New  Formula:  Experiments  were  conducted  varying  the 
cation  in  the  electrolyte,  varying  the  complexing  agents,  mixing  of 
complexing  agents,  and  employment  of  partially  neutralize  citrate  or 
citric  acid.  This  work  resulted  in  creation  of  a  new  electrolyte  using  3 
wt%  sodium  chloride  with  12  wt%  disodium  monohydrogen 
sesquihydrate,  a  commercially  available  salt.  This  new  patented 
electrolyte  not  only  eliminated  die  gelling  problem  during  rate  use  of 
the  charger,  it  also  reduced  the  weight  of  required  salt  for  the  7  cycles 
by  almost  38%.  Further  weight  reduction  of  10  %  could  be  possible 
should  a  commercial  source  for  anhydrous  citrate  could  be  found. 

Cold  Weather  Electrolyte:  Cold  condition  experiments 
corroborated  that  the  electrolyte  conductivity  decreases  during 
extremely  cold  conditions.  Voltage  delivered  by  the  charger  was 
reduced  to  2.5  V.  However,  as  the  electrolyte  warms  up  due  to  the 
heat  released  during  the  cell  discharge,  the  voltage  improves.  A 
special  Cold  Weather  electrolyte  was  devised  ad£ng  a  portion  of 
Sodium  Hydroxide.  The  heat  generated  by  neutralization  of  the  acid 
and  the  base  during  the  dissolution  of  the  sdts  warmed  the  solution  so 
that  the  cold  start  problem  is  eliminated. 

Fill  and  Drain  Mechanism  Development 

To  ensure  satisfactory  field  performance,  the  charger  must  be 
capable  of  being  filled  and  dt^ed  easily  and  rtqiidly.  The  narrow  cell 
gap,  the  need  for  six  cells,  and  the  ^uirement  that  there  be  air 
space  between  the  cells  during  operation  of  the  charger  compounded 
the  issue  of  how  to  fill  and  drain  the  unit.  Hiis  issue  was  already 
complicated  by  the  need  for  the  electrolyte  level  in  each  cell  to  be 
relatively  equi.  An  electrical  shunt  path  between  the  cells  was  not 
acceptable.  The  electrolyte  in  the  cells  had  to  be  isolated  one  from 
another. 

A  simple  solution  was  devised  which  accommodates  a  very 
wide  margin  for  error  when  operated  in  the  field.  A  low  box  frame 
has  been  formed  in  the  cell  top  plate.  The  box  is  covered  with  a 


hinged  lid.  (See  Figim  3)  To  fill  the  charger,  the  soldier  the 
lid  exposing  the  openings  into  each  of  the  cells,  pours  the  electrolyte 
into  the  box  only  needing  to  be  careful  to  ensure  that  none  of  it  is 
spilled  outside  the  box.  The  liquid  will  find  its  own  way  into  the 
cells,  overfilling  some  and  under  filling  others.  After  pouring  all  the 
electrolyte  into  the  box,  the  soldier  snaps  the  cover  down  and  tips  the 
entire  charger  to  the  side  permitting  the  electrolyte  to  flow  back  into 
the  box  fin^g  its  own  level.  When  the  unit  is  righted,  the  liquid  will 
fill  each  cell  with  equal  anwunts  of  electrolyte. 

The  closed  box  serves  as  a  catchment  manifold  and  condenser 
for  water  vapor  generated  during  operation  of  the  device  enabling  it  to 
return  to  the  cells  as  a  liquid 

Power  Conditioning  and  Management 

Potions  I^eloped:  Several  methods  were  devised  to  convert 
the  output  of  various  aluminum-air  cell  configurations  to  the  level  of 
power  and  energy  requited 

One  method  involved  using  14  smaller  cells.  This  result  unit 
produced  15V  ctqiable  of  charging  the  NiCd  at  the  3  hour  rate.  This 
used  a  constant  current  charge  routine  to  feed  power  to  the  NiCd  until 
it  reached  “saturation”  at  its  rated  capacity.  This  procedure  works  well 
with  saline  based  aluminum-air  technology  since  the  aluminum-air 
cells  can  be  designed  to  specific  performance  parameters. 

One  excursion  with  this  configuration  explored  using  the 
Power  Supply  Adapter  (PSA)  to  fiunish  mote  positive  cutoff  control 
and  to  positively  reduce  the  charging  current  to  200  mA  when  the  BB 
590AJ  voltage  teaches  a  preset  temperature  compensated  limit  The 
PSA  is  fiom  the  government’s  OP-177/U  Power  Supply  Assembly, 
the  kit  containing  the  solar  panel  arrays  and  hand  craiik  generator 
currently  issued  to  SOF  units.  This  approach  was  abandoned  after 
repeated  failures  of  the  two  PSA  furnish^  by  the  government  These 
were  both  early  production  items  loaned  to  the  program  fiom  a  static 
display.  Follow  up  research  in  this  area  may  be  appropriate  in  view  of 
the  fact  that  the  OP-177AJ  remains  in  the  SOF  inventory. 

Selected  Design:  The  configuration  selected  for  incorporation 
into  the  demonstration  models  employs  6  aluminum-air  cells  in  scries 
to  generate  6  V  at  6  Amp. 

DC/DC  Conversion:  A  DC/DC  converter,  designed  by  Wall 
Industries,  Inc.,  Exeter,  NH,  converts  the  output  of  the  cell  stack  to 
28  Volts.  The  output  of  the  DC/DC  converter  in  series  with  the  6 
Volts  directly  fiom  the  cell  stack  results  in  34  Volts,  0.75A.  This 
supplies  the  power  and  energy  needed  to  charge  a  fully  exhausted  BB 
5WAJ  in  about  4  hours. 

Charge  Protocol:  The  heart  of  the  control  electronics  is 
Integrated  Circuit  System’s  ICS  1700  Charge  Controller,  a  16  pin  DIP 
large  scale  integrated  circuit  which  uses  Christie  Electric  Corporation’s 
patented  Reflex®  principle  of  charging  and  time  derivative  charge 
termination.  This  control  module  simples  the  charging  task  for  the 
soldier.  It  determines  autonomously  when  full  charge  has  been 
attained  and  automatically  switches  to  a  maintenance  mode.  LED 
displays  indicate  the  char^g  activity,  alerts  the  soldier  to  faults  in  the 
NiCd  or  in  the  connections. 

Packaging 

Cell  Housing:  A  molded  housing  to  protect  the  cell  stack  was 
designed  to  be  li^t  and  rugged  and  ensure  that  the  cells  would  be  able 
to  “breathe”.  This  cell  housing  fastens  to  the  cell  top  plate,  a  molded 
unit  configured  so  that  6  cadu^e  cell  shells  could  be  attached  to  it  to 
align  them  widi  the  fill  and  drain  openings.  This  top  plate  contains  the 
fill  trough  and  space  for  the  power  management  and  charge  control 
electronics.  It  contains  a  protected  area  in  which  the  connections 
between  the  anode  of  one  cell  is  connected  to  the  cathode  of  the 
adjacent  cell.  It  also  provides  a  dock  into  which  the  power 
conditioning  and  charge  management  power  module  can  be  inserted. 

Power  Management  Component:  The  concept  for  the  charger 
specified  that  it  would  be  discard  after  its  last  use.  However,  the 
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electronics  are  not  depleted  during  use  and  are  reusable  almost 
indefinitely.  Rather  than  waste  these  components,  the  design  was 
modified  to  consolidate  the  electronics  into  a  self  contained  module. 
The  cell  tq>  plate  was  modified  to  permit  easy  “slip  in  and  slip  out”  of 
the  module.  (See  Figure  3)  Once  a  charger  has  bran  exhausted  in  the 
field,  the  power  module  can  be  removed  and  retained  for  reuse  with 
other  cell  stacks. 


Figure  3  Final  Package  Design 

Salt  Packets-  The  development  of  the  new  electrolyte 
permitted  reduction  in  the  volume  of  salt  needed  to  support  the 
discharge  process  that  occurs  in  the  aluminum-air  cells.  It  was 
determined  that  2  grams  of  complexing  agent  is  needed  in  the 
electrolyte  for  each  ampere-hour  discharge  of  the  aluminum-air  cell. 
Sodium  chloride  is  needed  at  about  3-5  %  by  weight  to  provide  the 
required  conductivity  in  the  ceils.  Measured  quantities  of  these  salts 
were  prepared  and  placed  in  moisture-proof  polymer  film  bags  and 
heat  s^^  The  heat  seal  is  tom  off  in  the  field  when  the  electrolyte  is 
to  Iw  mixed  with  water.  To  prevent  any  of  the  salt  fiom  being  lost 
during  the  tearing  process,  the  bag  contains  a  second  pressure 
sensitive  seal  just  below  the  heat  seal.  That  is  spread  open  after  the 
heat  seal  is  tom  off,  and  the  salt  can  then  be  poured  into  the  electrolyte 
mixing  container. 

Mixing  Container:  A  collapsible  opaque  vinyl  wide  mouth 
bottle  is  supplied.  It  serves  as  a  water  collection  vessel,  is  marked  for 
measurement  of  the  correct  amount  of  water  for  each  cycle,  and 
provides  a  container  for  mixing  the  salt  and  water  prior  to  pouring  the 
solution  into  the  cells. 

Nidkl  Connector:  A  cable  with  color  coded  plugs  is  supplied  to 
connect  the  NiC!d  to  the  aluminum-air  charger. 

Testing  and  Evaluation 

PeveloDmental  Toting:  The  charger  supplied  2.30  Ah  into  the 
NiCd  power  packs,  which  produced  2.05  Ah  on  discharge.  This 
equated  to  about  85%  efficiency.  Operating  the  device  presented  no 
difficulty.  It  filled  and  drained  successfully  and  showed  tolerance  for 
abuse.  A  wide  range  of  water  quality  was  used  for  electrolyte,  to 
include  muddy  ground  water  taken  from  vehicle  tracks  at  a 
constmetion  site.  The  device  worked  well  during  hot  and  cold  testing. 
The  salt  packages,  mixing  container,  and  cable  each  work  well. 


Government  Testing:  Government  testing  was  conducted  at 
the  Electrochemical  Power  Systems  Department,  Naval  Surface 
Warfare  Center,  Crane,  Indiana.  Partially  c^leted  and  full  exhausted 
NiCds  were  charged  with  excellent  results.  One  test  was  conducted 
charging  a  prototype  super  NiCd  (3.0Ah)  with  total  success.  Because 
of  a  specid  interest  in  lead-acid  batteries  at  Crane,  one  test  was 
conducted  charging  a  1.8Ah  BB  490AJ  lead-acid  power  pack.  The 
Power  Module  was  modified  in  the  field  to  bypass  the  ICS  I7(X)  chip 
and  successfully  directly  charged  the  battery.  Hot  and  cold  testing 
substantiated  eariier  testing  results. 

lIserRvaluatinn:  Demonstration  nradels  of  the  chargers  were 
field  tested  by  soldiers  of  the  USA  Special  Operations  Command. 
Every  soldier  who  tested  the  device  praised  its  performance  and 
reported  that  it  would  fill  a  very  real  n^  on  the  battlefield  and  that 
they  would  like  to  have  this  capability  for  charging  batteries  in  the 
field.  The  demonstration  models,  however,  were  darned  to  be  too 
bulky  in  their  present  prototype  configuration.  They  recommended 
that  the  device  be  repackaged  as  sparable  smaller  modules  for  ease  of 
packing. 

The  Evaluation  Report  stated  that  the  aluminum-air  technology 
would  be  a  “substantial  improvement”  to  the  Special  Operations 
Power  Sources  (OP-177AJ)  currently  fielded  to  Special  Ofierations 
Detachments  and  that  it  has  “extremely  promising  potential”. 

Future  Plans:  Teaming  partners  with  experience  in  packaging 
are  being  sought  to  complete  commercialization  of  this  device.  Phase 
n  designs  now  incorporate  an  elongated  cell  stack  which,  when  not  in 
use,  will  fold  flat  like  a  book  eliminating  the  air  space  between  each 
cell.  During  operation,  it  will  fan  open  allowing  air  to  circulate 
between  the  cells.  The  Power  Module  will  be  a  totally  separate 
component,  capable  of  charging  either  a  NiCd,  lead-acid,  or  metal 
hydride  battery.  It  will  connect  to  the  cell  stack  and  to  the  battery  by  a 
wire  harness.  Alternative  charging  protocols  have  been  examim^  and 
there  are  many  that  can  be  employ^  Efforts  to  marry  aluminum-air 
technology  with  Electronic  Power  Technology’s  (EPTI)  impressive 
new  char^g  process  arc  underway. 

Conclusions 

This  development  program  shows  that  aluminum-air 
technology  employing  saline  electrolyte  can  be  configured 
successfully  in  man  portable  applications  to  meet  teal  ne^s  of 
customers. 
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ABSTRACT 

The  ever  increasing  use  of  portable  communications 
equipment  and  portable  computing  devices  as  well  as 
remote  monitoring  and  sensing  equipment  has  increased 
the  need  for  a  high  energy  density  power  source  The 
development  of  advanced  capability  zinc  — air  batteries 
helps  till  the  need  for  high  energy  sources  that  also 
supply  sufficient  power  to  operate  the  new  generation  of 
portable  equipment  Current  state-of-the-art  zinc -air 
batteries  designed  by  MATSI.  Inc  for  NASA-JSC  have 
been  characterized  for  their  energy  and  power  density 
These  batteries  have  achieved  an  specific  energy  of 
greater  than  500  W-hr/kg  (520  W-hr/1)  and  can  deliver 
24  W/kg  (25  W/1)  of  power  at  a  specific  energy  of 
200  W-hr/kg  This  power  and  energy  density  capability 
makes  state-of-the-art  zinc  — air  batteries  suitable  for  the 
portable  communications  and  electronics  market 

INTRODUCTION 

Due  to  its  inherent  safety  and  high  specific  energy 
density,  the  zinc-air  (oxygen)  electrochemical  system  is 
a  very  attractive  energy  source  However,  for  most 
portable  power  applications  both  energy  and  power  are 
required  This  requirement  has  excluded  zinc -air 
electrochemical  systems  available  to  date  NASA-JSC 
has  contracted  with  MATSI,  Inc  to  develop  a 
commercially  viable  zinc -air  cell  which  will  meet 
present  demands  of  power  and  energy  required  by 
portable  electronic  equipment 

Historically  zinc-air  cells  have  been  produced  in  two 
configurations;  very  low  rate  cells,  used  for  industrial 
batteries,  and  button  cells,  used  primarily  in  hearing 
aids.  Both  of  these  cells  are  designed  for  their  specific 
applications  and  do  not  supply  the  power  needed  for 
portable  electronics.  Next  generation  primary  zinc  — air 
batteries,  developed  by  MATSI,  Inc.,  overcome  the  rate 
limitation  of  industrial  cells  and  capacity  limitation  of 
button  cells 

Initial  efforts  resulted  in  the  development  of  two  cell 
sizes.  Large  Capacity  (LC)  cells  with  greater  than 
200  A-hr  at  6  milliamperes/cm^  and  High  Rate  (HR) 
cells  with  a  capacity  of  30  A-hr  at  14  milliamperes/cm^ 
Table  1  lists  the  dimensional  aspects  of  each  cell  type 
along  with  performance  characteristics  These  cells  are 
prismatic,  with  the  electrodes  fitted  into  machined 
plastic  cell  cases  They  can  then  be  stacked  to  achieve 
the  application-specific  requirements  for  the  final 
battery  This  flexible  design  allows  for  tailoring  battery 
designs  and  configurations 


Design  Specifications  for 
LC  and  HR  Zinc -Air  Cells 


LC  Cell 

HR  Cell 

Battery  Surface 

13  cm  X  25 

cm 

6  cm  X  12 

cm 

Active  Surface 

55  cm^ 

Thickness 

0  8  cm 

0  7  cm. 

Weight 

540  g 

93  g 

Spacer 

Thickness 

0  8  cm 

0  6  cm 

Capacity 

Specific  Energy 

440  W-hr/kg 

375  W-hr/kg  | 

Table  1  Design  and  performance  specifications  for  LC 
and  HR  zinc -air  cells 

The  design  flexibility  of  this  system  has  led  to  the 
development  of  a  third  cell  size  which  will  supersede  the 
previous  designs  The  specifications  of  this  new  cell, 
designated  MAC,  are  shown  in  Table  2 


Design  Specifications  for 
MAC  Zinc  — Air  Cells 


MAC  Cell 

Battery  Surface 

9  25  cm  X  8  5  cm. 

Active  Surface 

55  cm^ 

Thickness 

1  cm 

Weight 

125  g 

Spacer  Thickness 

5  cm 

Capacity 

37  A-hr  @  1  Amps 

32  A-hr  2  Amps. 

Specific  Energy 

340  W-hr/kg  @  1  A 
270  W-hr/kg  (5)  2  A 

Energy  Density 

540  W-hr/1  @  1  A 
With  out  spacer 

Maximum 

Output  Power 

3  W  @  3  Amps 

Power  Density 

24  W/kg  @  3  Amps. 
38  W/l  @  3  Amps. 

Table  2  Design  and  performance  specifications  for 
MAC  zinc -air  cells 

This  paper  will  present  performance  characterization 
data  of  the  enhanced  capability  zinc -air  cell 
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BACKGROUND 

As  described  in  earlier  work'-^,  the  advanced  capability 
zinc -air  cell  design  consists  of:  I)  an  anode  and 
electrolyte  mixture  consisting  of  a  paste  of  amalgamated 
zinc  powder  in  a  gelled  potassium  hydroxide  electrolyte. 
2)  a  microporous  polymeric  separator  and  3)  a  PTFE- 
bonded  carbon  cathode.  These  components  are 
configured  as  a  prismatic  cell  in  a  molded  plastic  case. 

Experiments  described  in  earlier  work  were  used  to 
determine  the  optimum  electrode  and  electrolyte 
formulations  Test  cells,  with  different  zinc  content, 
were  fabricated  and  discharged.  The  resultant  plot  of 
capacity  versus  weight  percent  zinc  showed  that  a 
energy  density  maxima  occurs  at  a  zinc  concentration  of 
70  weight  percent* '3. 

Additional  experiments  were  designed  to  optimize  the 
potassium  hydroxide  concentration.  These  experiments 
were  designed  to  examine  the  electrolyte's  sensitivity  to 
the  ambient  humidity.  The  data  showed  that  a  potassium 
hydroxide  concentration  of  3S  weight  percent  achieved 
higher  anode  utilization  and  was  less  sensitive  to  the 
ambient  humidity*'^. 

The  oxygen  electrode  consists  of  two  layers  producing  a 
high  performance  oxygen  electrode.  The  electrolyte  side 
of  the  cathode  includes  a  high  surface  area  carbon  for 
oxygen  reduction  and  a  metal  oxide  catalyst  for 
peroxide  decomposition.  The  air  side  of  the  cathode  has 
a  higher  PTFE  content  to  prevent  electrolyte  weepage^ 
The  oxygen  electrode  was  also  studied  by  examining  cell 
performance  with  and  without  a  peroxide  decomposition 
catalyst.  This  study  showed  the  cells  with  the  catalyst 
out  performed  the  cells  without;  the  cells  with  the 
catalyst  had  improved  voltage  and  better  anode 
utilization*'^. 

The  resultant  cell  has  the  capability  of  high  rate 
discharge  wile  maintaining  the  high  energy  density  of 
the  zinc -air  electrochemical  system. 

EXPERIMENTAL 

wo  zinc -air  cell  types,  LC  and  MAC,  were  tested  to 
determine  the  discharge  characteristics  of  the  advanced 
capability  zinc— air  ceil.  Tests  were  designed  and 
conducted  to  determine  the  cells'  capability  to  operate 
portable  electronic  equipment.  Initial  tests  performed  on 
LC  cells  were  conducted  at  various  discharge  rates  and 
temperature  to  determine  the  viability  of  the  system  for 
portable  power.  Additional  testes  on  MAC  cells  were 
conducted  to  characterize  the  system. 

Initial  characterization  tests  were  performed  to 
determine  the  power  verses  energy  curve  for  the  LC 
cell.  The  cells  delivered  480  W-hr/kg  at  a  discharge  rate 
of  0.8  W/kg  (1.7  mA/cm2)  and  300  W-hr/kg  at  18  W/kg 
(21  mA/cm^),  The  power  density  for  these  batteries  is 
low,  however  the  high  energy  density  achieved 
warranted  further  investigation  of  the  system. 
Subsequent  testing  of  the  MAC  cells  showed  that  the 


system  could  produce  24  W/kg  (S5  mA/cm^)  power 
while  maintaining  200  W-hr/kg  of  energy.  Figure  I 
shows  the  Watt/kg  versus  Watt- hr/kg  curve  for  both  the 
LC  and  MAC  cells 

Specific  Power  Vs.  Specific  Energy  Curves 
For  LC  and  MAC  Zinc -Air  Cells 
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Figure  1  Specific  power  versus  specific  energy  for  LC 
and  MAC  zinc  — air  cells. 

Prior  to  the  power-versus-energy  data  collection  MAC 
cells  were  used  to  determine  the  polarization  and  power 
curve  for  the  zinc -air  system.  Figure  2  shows  the 
polarization  curve  and  power  profile  of  the  MAC  cell 
Peak  power  is  achieved  at  3.2  amperes  at  3.0  watts, 
corresponding  to  24  W/kg  at  S8  milliamperes/cm^  This 
promising  energy  density  led  to  continued  testing  of  the 
system. 

Polarization  and  Power  Curve  for 
MAC  Zinc  — Air  Cell. 


1.4  - 3.5 


Figure  2.  Polarization  and  power  curve  for  MAC  zinc  — 
air  cells. 

MAC  cells  were  discharged  at  1.0,  2.0  and  3.0  Amperes 
at  and  1.0  Ampere  at  O’C.  Figure  3  shows  typical 
discharge  curves  for  the  MAC  cell.  This  graph  shows 
little  loss  of  capacity  from  1.0  ampere  discharge  to  3.0 
ampere  discharge,  i.e.  30  Amp-hrs  aiid  24  Amp-hrs 
respectively.  Cells  discharged  at  l.O  ampere  at  0°C 
achieved  capacities  in  the  order  of  16  Amp-hrs. 
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Typical  Discharge  Curve  for 
MAC  Zinc-Air  cell  at  25®C 
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Figure  4.  1.0,  2.0  and  3.0  Ampere  Discharge  curves  for 
MAC  zinc -air  cells. 

DISCUSSION 

Both  energy  and  power  are  required  for  most  electronic 
equipment.  In  addition  portable  electronic  equipment 
puts  weight  and  volume  constraints  on  the  power 
source.  The  zinc -air  cells  tested  showed  that  they  can 
deliver  both  the  energy  and  power  required  for 
electronic  equipment  and  this  energy  and  power  are 
available  in  a  small,  light-weight  packages. 

The  MAC  cells  tested  had  a  specific  power  of  24  W/kg 
(2S  W/1).  These  cells  also  have  an  energy  density  of 
500  W'hr/kg  (520  W-hr/l)  Additionally  the  cells 
suffered  minimal  capacity  loss  from  a  discharge  rate  of 
1.0  ampere  to  3.0  amperes.  The  cells  also  maintained  a 
respectable  capacity  when  discharged  at  0°C,  i.e.  50% 
of  the  25‘’C  capacity. 

These  encouraging  characteristics  led  to  the  fabrication 
of  a  six  cell  battery  that  would  operate  a  laptop 
computer.  The  battery  pack  was  designed  to  replace  a 
rechargeable  external  battery  pack  The  zinc  — air 
battery,  comprising  six  MAC  cells,  has  approximately 
the  same  weight  and  volume  as  the  battery  it  replaces 
(862  g.  and  18.3  cm.  x  26.0  cm.  x  1.3  cm.).  However 
the  rechargeable  battery  has  an  operating  time  of  5 
hours  of  less  while  the  zinc  — air  battery  has  an  operating 
time  of  30  hours. 

Prototype  laptop  computer  batteries  were  fabricated  and 
tested.  The  batteries  were  tested  under  simulated  load 
conditions,  some  simulating  a  black  and  white  (B&W) 
computer  load  and  some  were  tested  simulating  a  color 
computer  load.  The  average  load  for  the  B&W  computer 
is  1.2  amperes  and  2.0  amperes  for  the  color  computer. 
The  zinc -air  battery  realized  its  potential  and  delivered 
26  hours  of  service  and  14.5  hours  of  service  for  the 
B&W  and  color  computers  respectively. 


CONCLUSION 

The  advanced  capability  zinc— air  cell  developed  by 
MATSI.  Inc.  has  shown  that  zinc  — air  technology  is 
capable  of  powering  portable  electronic  equipment. 
Batteries  comprising  of  six  MAC  zinc -air  cells  have 
been  demonstrated  in  laptop  computer  applications.  The 
power  density  and  energy  density  of  this  zinc -air 
design  enables  its  use  not  only  in  portable  electronics 
equipment  but  also  in  high  pulse  power/high  energy 
hybrid  battery  systems.  These  hybrid  systems  would  use 
the  energy  density  and  power  capability  of  the  zinc -air 
system  coupled  with  a  very  high  power  rechargeable 
battery  The  zinc -air  battery  would  supply  the  base 
energy  as  well  as  energy  to  recharge  the  pulse  battery 
while  the  high  power  pulse  battery  would  supply  the 
high  power  pulses  whenever  required  by  the  system 


REFERENCES 

1.  Bob  Bragg,  Debbie  Bourland,  Glenn  Merry  and  Ron 
Putt,  ’Primary  Zinc -Air  Batteries  For  Space  Power’, 
The  1991  NASA  Aerospace  Battery  Workshop,  NASA 
Conference  Publication  3140. 

2.  Ronald  Putt  and  Glenn  W.  Merry,  ’Zinc  — Air  Primary 
Batteries’,  Proceedings  of  the  3Sth  International  Power 
Sources  Symposium,  IEEE,  Piscataway  NJ,  1992 

3.  Ron  Putt  and  Glenn  WoodruH*,  "Zinc -Oxygen 
Battery  Technology",  Proceedings  of  the  28th  lECEC, 
Atlanta  GA,  ACS,  Washington  DC.,  p  1.1085,  1993. 


131 


A  HIGH  ENERGY  DENSITY  ALUMINIIM/OXYGEN  CELL 


DanM  W.  Gibbom  ud  Eric  J.  Kudd,  BLTBCH  RcMTcb  Corp^  d25  EmI  St,  Fbirport  Harbor,  OH  44077 
Dim  Gregb  Loral  Dotauo  Sjntnni  •  Akran,  1210  Maarillon  Howl,  Akron,  OH  44315 


Abanct 

Alumimim  is  an  attiactive  anode  material  finr  metal/air  boneriet, 
paitlculariy  for  propulsion  applications  wbeie  weitbt  md  volume  ate 
crucial.  With  a  hig^  speciflc  eneigy  than  neatly  all  other  metals,  it  is 
also  environmentally  acceptaUe,  non-ieactive.  and  presently  availsbie  hi 
large  productian  queries.  A  closed  cycle  aluminum/oxygen  system  is 
currently  under  developmem  Ibr  an  unmanned,  undeiwater  vehicle 
(UUV)  widi  more  than  three  times  the  eneigy  density  of  existing 
silveiAdnc  batteries.  Recem  woifc  has  focussed  on  low  corroskm 
aluminum  alloys  and  an  Electndyte  Managemem  System  (EMS)  for 
processing  the  byproducts  of  die  energy  producing  reactions.  Single 
cells  have  produced  neariy  6000  Amp-hrs  from  a  tingle  aluminum  plate 
at  97%  cutrem  efficiency. 


Introducdwi 

Alumbnim,  zinc,  lithium,  and  iron  systems  have  all  been 
demonstrated,  but  only  aluminum  provides  a  Ugh  eneigy  and  power 
density  in  an  environmentally  acceptable  package  that  is  easy  to  handle. 


safe  to  operate,  and  readily  availaUe.  The  chemistry  of  the  Al/Oj 
integrated  fuel  cell  system  is  shown  below.  The  net  result  of  this 
reaction  sequeiKe  is  the  consumption  of  aluminum,  oxygen,  and  water 
to  produce  aluminum  trihydroxide  and  energy. 

Anode 

Al  +  KOH  +  30!r  -»  KA1(0H)«  +  3e' 

(1) 

(Xuhode 

3/4  Oj  +  3/2  HjO  +  3e‘  30H' 

(2) 

Overall 

Al  +  KOH  +  3/4  0,  +  3/2  H,0  -»  KAlfOK), 

(3) 

Corrosion 

Al  +  KOH  +  3H,0  -+  KA1(0H)4  +  3/2H, 

(4) 

Crystallization 

KAKOH),-*  KOH  +  Al(OH),i 

(5) 

Recombination 

H,  +  1/20,  -*  H,0 

(6) 

During  cell  discharge,  aluminum  is  dissolved  (Equation  1)  to 
form  an  aluminate  species  while  die  alkali  metal  hydroxide  is  consumed. 
A  corrosion  reaction  also  occurs,  again  forming  the  soluble  aluminate 
together  widi  hydrogen  gas  (Equatkm  4).  This  corrosion  reaction  is  a 
coulombic  inefficiency  and,  therefore,  must  be  minimized.  Since  KOH 
is  consumed  as  the  battery  operates,  the  conductivity  of  the  electrolyte 
decreases  until  precipitation  oi  crystallization  of  aluminum  trihydroxide 
occurs  (Equatitm  5)  ,  replenishing  "free'  hydroxide.  Thus  a  "steady 
state"  condition  may  be  acUeved  with  respect  to  electrolyte  composition 
and  cmducdvity,  at  wUch  time  the  electrolyte  will  contain  crystals  of 
aluminum  trih^roxide  (hydraigillite).  As  will  be  discussed  later, 
controlling  the  electrolyte  composition  is  very  important  to  maximize 
peifonnance.  In  addition,  hytogen  destruction  by  recombination  is 
necessary  for  closed  cycle  applications  where  simple  venting  is  not 
practical. 

A  comidete  Al/Air  power  source  is  a  multi-componem  system 
that  includes  several  unit  opeiatimis  such  as  thermal  management,  solids 
removal,  and  gas-liquid  sqianUon  as  indicated  in  Hgure  1.  Aluminum 
cannot  be  electrodeposited  fitom  aqueous  solutions,  so  that  tiie  Al/Air 
battery  is  not  a  true  secondary  battery.  The  anode  must  be  replaced 
mechanically,  requiring  novel  features  in  the  cell  design,  but  offering 
relatively  nqtid  refiielaltility.  Oxygen  or  air  may  be  used  as  the  oxidant, 
but  air  foeM  systems  require  a  scrubber  to  reduce  (X)]  contem  from 
amttient  levels  of  3S0  ppm  to  less  than  50  ppm. 

Recem  progress  in  dectrode  and  EMS  devdopment  at  the  single 
cell  and  sub-module  levd  will  be  summarized  in  this  manuscript 


Process  Flow  Key  System 

-  Electrolyte 

- Gos 


.  Cooloot 

Rg.  1.  Schematic  of  an  Al/Air  or  Al/O,  battery  system. 


Electrode  Develoomem 

Anode  Altovs 

Aluminum  reacts  rapidly  and  irreverribly  with  oxygen  to  form 
a  strongly-adhering  oxide  film,  which  la^ly  determines  the 
electrochemical  behavior  in  aqueous  electrolytes.  This  oxide  layer 
produces  a  material  that  does  not  corrode  in  neutral  solutions  despite 
being  thermodynamically  unsbdde.  To  achieve  stability  in  alkali 
solutions,  modification  of  the  behavior  of  the  oxide  layer  through  the 
formation  of  aluminum  alloys  has  been  extensively  exidined  [1-5].  The 
incoiporation  of  small  concentrations  of  metals  such  as  magnesium, 
calcium,  zinc,  gallium,  indium,  thallium,  lead,  mercury,  aral  zinc,  usually 
in  combiiutions  as  ternary  or  quaternary  alloys,  has  been  effective  in 
achieving  activation  (high  current  capability)  a^  inhibiticm  of  corrosion. 
The  use  of  solution  inhibitors  such  as  sodium  stannate  has  not  been 
neariy  as  successful  in  reducing  corrosion  in  our  laboratories. 

The  presence  of  certain  impurities  in  the  aluminum  can 
markedly  affect  the  electrochemical  behavior.  For  example,  the 
corrosion  rate  is  particulariy  sensitive  to  tire  concentration  of  iron  to  the 
metal.  Using  manganese  as  an  alloying  dement  has  been  shown  to 
reduce  the  rate  of  corrosion  of  primary  aluminum  (99.9%  purity),  which 
contains  high  levels  of  iron  [6].  Today’s  state  of  the  art  tow  corrosion 
alloys  rdy  on  high  purity  starting  matmial,  e.g.,  99.995%  and  99.999% 
Al.  Once  a  suitable  alloy  has  been  identified,  the  transition  fiom 
fabrication  at  the  laboratory-scale  (bookmold  Ingots  of  wdght 
approximatdy  3-5  lbs.)  to  the  {titot-scale  (150-250  lb.  ingots)  is  not 
dways  readily  achieved.  The  dectrochemical  performance  of  large 
ingot  material  can  be  variable  and  often  is  inferior  to  that  of  the 
bookmdd  material  Fabricatitm  practice  and  the  lesultam  alloy 
microstiuctuie  can  have  a  dramatic  effect  on  both  the  corrosion  and 
polarization  behavior  [7]. 

In  the  recent  program  to  develq>  a  power  source  for  a  UUV, 
emftoasis  has  been  uptm  missitm  life  and  v^de  range.  Identification 
of  an  alloy  with  a  tow  rate  of  corrosion  that  maximizes  the  utilizatkm 
of  the  metal  fuel  then  became  essential  An  added  advantage  was  that 
the  hydrogen  gas  handling  requirements  widiin  die  system  are 
minimized,  very  beneficial  for  this  dosed  cycle  application  where  no 
gases  or  liquids  can  be  vented. 
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The  peicent  utilization  for  several  candidate  alloys  is  presented 
as  Figure  2,  together  with  data  for  pure  99.993%  aluminum.  As  the 
applied  load  is  increased,  the  percent  utilization  improves  dramatically, 
lite  electrochemical  characteristics  of  the  three  low  corrosion  alloys  are 
shown  in  Figure  3.  showing  the  dependence  of  the  anode  potential  upon 
the  external  load.  As  shown,  a  judicious  selection  of  alloying  elements 
and  fabrication  practice  produces  anode  materials  with  properties  far 
superior  to  pure  aluminum. 

These  alloy  materials  were  fabricated  as  large  ingots  by 
ccHwendonal  industry  practice,  although  the  data  shown  in  Figures  2  and 
3  were  obtained  in  laboratory-scale  cells.  Alloy  ERC-4  is  clearly 
superior,  adiieving  high  utilization  while  maintaining  acceptable 
polarization  behavior.  Alloys  ERC-2  and  ERC-3  closely  approachkl  the 
utilization  targets,  but  ERC-3  tended  to  passivate  at  high  current 
densities  with  aluminate  present  in  the  electrolyte.  Full-scale  (700  cm^) 
experiments  conducted  with  ERC-4  showed  excellent  agreement  with 
la^scale  data  and  was  therefore  chosen  as  the  alloy  for  this 
demonstration. 


hydrogen  gas)  be  prevented,  or  at  least  minimized.  A  porous  barrier 
layer  was  added,  bonded  to  the  nickel  mesh  and  surface  of  the  active 
layer.  During  operation  the  pores  of  this  layer  readily  fill  with 
electrolyte,  providing  an  effective  barrier  to  the  transpon  of  oxygen  gas 
into  the  electrolyte.  The  perfonnance  of  the  modified  electrode,  over  the 
range  of  current  densities  of  interest,  is  shown  as  Table  1. 

Because  the  UUV  cell  stack  features  a  moving  arwde,  cathode 
uniformity  is  critical  to  prevent  uneven  dissolution  of  the  mode  which 
hampers  the  ability  to  maintain  a  small,  constant  electrode  gap.  A  tuvel 
quality  control  procedure,  dubbed  the  "voltage  mapping  technique,"  was 
developed  to  ensure  uniformity.  The  voltage  map  cell,  see  Figure  4, 
features  a  0.352  cm’  cylindrical,  aluminum  anode  operated  at  1(X) 
mA/cm’  and  encapsulated  in  a  Tygon  tube  to  maintain  a  0.030" 
electrode  gap.  One  can  then  mourn  a  cathode  face-up,  cover  with 
electrolyte,  and  thus  create  a  small  AlA)j  battery  at  qiecific  areas  on  the 
cathode  where  the  measured  cell  voltage  is  proportional  to  cathode 
activity.  Probe  position  can  easily  be  controlled  by  the  use  of  a  simple 
acrylic  template.  In  this  manner,  chmges  to  the  microporous  barrier 
layer  could  be  made  and  quickly  tested  to  optimize  the  cathode's 
reactivity  and  permeability  resistance. 


Table  1.  Perfonnance  of  the  modified  cathode  at  60°C  in  4M 
KOH  with  dry  Oj. 

IR  corrected  Cathode  Potential  (volts)  vs. 
Hg/HgO  at 


Time  on  Line 
@  50  mA/cm’ 

OCV 

25 

mA/cm’ 

50 

mA/cm’ 

100 

mA/cm’ 

200 

mA/cm’ 

27  hours 

0.06 

-0.07 

-0.10 

-0.13 

-0.19 

313  hours 

0.06 

-0.06 

-0.09 

-0.12 

-0.18 

1000  hours 

0.07 

-0.07 

-0.09 

-0.13 

-0.21 

Fig.  2.  Corrosion  of  selected  aluminum  alloys  at  30°C. 


Fig.  3.  Polarization  behavior  of  aluminum  and  selected  alloys  at  S0°C. 
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Fig.  4.  Voltage  map  test  apparanis. 


The  Air  Cathode 

The  reaction  at  the  cathode  is  the  reduction  of  oxygen,  which 
can  only  be  sustained  at  practical  rates  by  using  a  gas  diffusion 
electrode.  A  three-phase  boundary  between  the  catalyst,  electrolyte,  and 
reactant  oxygen  must  be  established  and  this  demattds  a  unique  electrode 
structure.  The  air  cathode  used  in  the  recent  programs  to  develop  the 
Al/Air  battery  as  the  power  source  in  (a)  an  electric  vehicle  [8],  arid  (b) 
an  unmanned,  underwater  vehicle  is  a  high  performance,  two  layer 
structure  composed  primarily  of  carbon  and  teflon.  The  development  of 
air  cathode  technology  has  been  described  elsewhere  [7,8]. 

This  type  of  electnxte  has  shown  excellent  extended 
performance  under  both  constant  current  operation  and  cyclic  operation. 
In  addition,  for  the  UUV  application,  it  is  necessary  that  the  transport  of 
oxygen  gas  through  the  electrode  into  the  electrolytefwhich  contains 


The  Electrolyte  Management  System 

Develoomem  of  the  Filter/CrvstalliTy.r 

The  Al/Air  battery  may  operate  in  two  basic  modes.  Batch  or 
Steady  State,  depending  on  the  treatment  of  the  aluminate  species 
generated  by  reactions  (1)  and  (4).  In  the  Batch  mode,  fresh  electrolyte 
is  charged  into  the  system  and  operation  continues  until  tire  level  of 
aluminate  reaches  saturation.  This  situadon  corresponds  to  an  end  of 
charge  condition;  no  solids  are  formed  during  Batch  operadoa 
Conversely,  a  near  constant  electrolyte  composition  can  be  maintained 
in  the  Steady  State  mode  by  promoting  the  crystallization  of  the 
aluminate  species  into  an  insoluble  hydroxide  called  hydrargillite, 
Al(OH)j  (equation  5).  During  the  cell  refueling  operation,  the 
electrolyte  tank  is  emptied  and  the  Al(OH)j  crystals  may  be  sent  to  a 
Hall-Heroult  cell  for  processing  back  into  aluminum. 
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tiM  poftfuaDM  of  •  BmgIi  opoiMioa  tamry  I*  dectrelyte 
YolwM  ItiBlad  and  ofr>ta«rd  Itaillte  lo  pwoMi  tbe  wpemhiraMl 
■»»«»««««■  of  r««— ihimlimo  an  nqaliwL  Staady  ataie  ofMntloo 
ptodiioea  a  baiMy  widi  gnMar  capacity  and  a  mon  oomtant  voliafe 
pnflla  venua  daw  (br  a  fivtn  load.  By  proeBoiind  the  cryatalll  taboo 
of  AKOH),  and  rapanaiBiing  KOH.  iha  enaisy  capacity  of  the  battety  ia 
tifnUleantly  enhanced  fbr  a  given  eleeiiotyiB  tank  vohioie.[9] 

The  itanitatione  of  Batch  operation,  low  capacity  and  a  tioping 
voltage  pioflie,  are  ahown  in  FIglire  5.  Call  vol^  at  100 
diopa  by  025  volt  u  the  conductivity  decreaaea  by  a  factor  of  3  over 
the  leivih  of  the  teat  The  high  ahmiitele  concentratioo  combined  with 
the  lack  of  *ftee*  hydroxide  leada  to  potential  oacillaliona  and  eventual 
cell  failure.  Thia  type  of  behavior  haa  been  obaetved  with  pure 
«himiniim  nd  aeveial  of  the  alloya  that  have  been  letted  in  our 
laboratory  in  Batch  mode. 

Prevloua  atudiea  have  ahown  that  optimixatlnn  of  A1/0|  energy 
and  power  dentity  mpilrea  an  Electrolyte  Management  Synem  [10,11]. 
ELTECH’e  patnued  flltetfcryatalUxer  unit  [12]  mainiaina  tyitem 
timpliclty,  alnoe  only  a  filter  and  two  additional  vtlvea  are  required. 
Miaaion  duration  ia  Increaaed  by  oondnuoudy  regenerating  potatalum 
hydroxide  fi>r  aubeequett  reaction  at  the  anode  and  atoiing  cell  diacharge 
product!  compactly  aa  a  cryatalline  hydroxide  apedea,  AKOH),. 
Condnuoua  ciyitaillzatlon  maimaliia  a  high  and  neariy  conatant 
elecirolyte  conductivity:  therefore,  atack  voltage  remaine  ateady 
throughout  the  ditchaige  cycle.  Ai  the  atack  ia  diacharged,  a  cryatal 
cake  fonna  and  gradually  increaeet  in  thickneaa  with  a  aubaeqiieot 
increaae  in  pneture  drop  acrota  the  fiber.  When  the  preaaure  drop 
leachea  a  predetermined  level,  the  cake  it  pulaed  off  the  filter  1^ 
(flow  tevefial  achieved  tlmply  by  valve  actuadon)  to  aettle 
in  the  bottom  of  the  tank. 
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ng.  6.  FUtei/Biyatallixer  teat  at  conatant  current  diacharge  of  4a3 
Ampe. 


Inteenaed  Bttwv  Svmmii  a^dtarmance 

AtiimtmMiij0.v«en  Siirale  Cdl  PMfiwmance 

PuU-acale  Al/Oj  cellt  (active  dectrode  area  of  690  cm*)  have 
been  integrated  with  the  fiber/ciyatalliter  unit  fbr  a  aeriea  of  atudiea. 
The  cell  featured  a  fixed  anode  widi  beckaide  temperature  contrd  and 
a  modified  AE-100  Ebech  cathode  to  mtadmize  electrolyte  leakage  and 
oxygen  gat  blowthrough.  The  anode  alloy,  ERC-4,  wu  manufectuied 
from  high  purity  alumimim  u  a  ISO  lb.  ingot  udng  conventional 
practice  and  thennoHnechanical  prooeailng.  The  proceaa  atieimt  were 
aO  maintained  at  SO*C  with  an  oxygen  gaa  flowrate  of  1.7Sx 
atoichiometiy.  The  urueacted  oxygen  waa  recycled  to  the  cell  uaing  a 
periatabic  pump. 


£ 

U 


E 


u 

o 

x> 

c 

o 

u 


ng.  S.  Conductivity,  aluminate,  and  cell  vobage  aa  a  fiinction  of  time 
for  an  AVO]  wbhout  the  flliei/cryitailizer. 


inh.^jrvv«tri«».r  Operation 

ngure  6  dl8|daya  the  leaulta  of  a  filter  teat  for  a  power  load  of 
40.3  Ampe.  Thia  experimem  waa  run  bi  ooiijunction  with  an  alumimua 
half-cell  driven  by  a  power  aupply  in  which  Hj  waa  evolved  at  the 
nickel  counter-dectrode.  Totd  hydroxide  concentration  waa  kept 
conatant  by  water  addition  tinoe  the  cathode  reaction  and  mote 
cotrocion  conaume  w«er.  Etoctrolyte  conductivity  waa  oondnuoualy 
monboted  by  a  Fbxboro  modd  872  conductivity  meter  with  m 
dectrodeleit  aenaor,  871EC. 


A  sln^  cell  wu  operated  at  a  conatam  cunem  denaby  of  SO 
mAJem*,  dnwing  neariy  S,700  tmp-hourt,  during  which  time  the  cell 
voltage  tedbied  bom  1.4S  volu  to  1.39  vobx  (tee  ngure  7).  Thia 
declbie  in  the  cell  voltage  may  be  entlrdy  attributed  to  the  increatbig 
buer-electrote  gap  in  thia  particular  (fixed  electrode  of  Oi*  tMckneat) 
cell  deaign.  Therdbre  the  UUV  cell  atack  featurea  a  movaUe  anode  to 
prevem  thia  ohmic  vobage  ioaa  bmI  ia  esaential  to  achieve  the  required 
high  energy  denaity.  The  dam  ahown  repreaem  an  energy  yield  of  3.9 
kUowatt-hounfidlognm  dumbnun,  which  ia  aignlficantly  tetter  than  that 
obtabied  with  etriier  duminum  alloya.  The  vdue  of  the  EMS  is 
partlculariy  evldem  when  the  performance  ahown  bi  ngure  7  is 
compared  to  the  data  bi  ngure  S. 


Backlluahei  occurred  at  S  pd  or  202  Ah,  whichever  cane  flnt 
and,  bi  the  figure,  a  hoUow  circle  taidlcatea  a  backlluah.  Aaoftwarebug 
prevented  the  ayttem  from  badcfluahtatg  properly  fbr  the  flnt  20  houn. 
Operation  tegm  agatai  a  40  houn  after  the  neoeaaary  software 
modifleationa  were  made.  Deapiie  the  ayaiemupaeu  the  fiber  performed 
wen  for  more  thm  2S0  hours,  matauabiing  the  conductivity  between  300 
and400mSfom.  ninherhnptDvemctts  hi  fibre  lifettane  are  expected  by 
m  opttanixed  selection  ofi  (1)  the  anode  aOoy,  (2)  the  filler  material,  and 
(3)  te  backfluah  dgoridan. 


ng.7.  PuU-acale  ceU  petfonnanoe  duibig  conatam  cunem  disdiarge. 
Sub-Module  Tearing 

The  componem  developtnem  described  here  enabled  the 
conattuedon  of  a  U  kW  9-ceU  ’ahott  stack’  tea  bed  where  9  ftiUscaU 
ctlb  are  buegtaied  widi  scaled  veniont  of  the  electrolyte  managenrem 
ayatem,  hydrogen  tecombtaire,  etc.  The  hydrogen  lecombbire  consists 
of  Ag/N  tubes  surrounded  by  Pd  catdyzed  dumhia  peUets.  The  entire 
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system  Is  computer  controlled  via  Keittiley 's  Viewdac  software.  Oxygen 
is  supplied  on  demand  by  mass  flow  controllers  utilizing  the  cell  stack 
oxy^  pressure  as  the  control  variable.  The  systmn  also  included  liquid 
accumulators  to  accoum  for  movernem  of  the  anode  which  increases  the 
cotding  volume  on  the  airode  backside  as  the  stack  is  discharged. 

Polarization  dau  was  recorded  periodically  and  is  presented  as 
Figure  8;  cell  to  cell  agreemem  is  excellent.  The  large  decrease  in  cell 
voltage  observed  from  open  circuit  to  25  mA/cm*  is  a  consequence  of 
the  irreversibility  of  both  the  aluminum  anode  and  the  oxygen  cathode 
reactions.  At  higher  current  densities  the  slope  of  the  polarization  curve 
decreases  markedly,  the  voltage  presumably  being  dominated  by  the 
concentration  and  ohmic  ovetpotendals  in  the  cell. 


t  oo  .  -  -I 

0  to  30  M  40  SO  flo  70  U  «Q  100  no  120 
Curront  Donoity  (mA/eni21 

Fig.  8.  Individual  cell  voltages  for  9'cell  short  stack  test 

Of  particular  concern  for  flow  batteries  and  fuel  cells,  the 
system's  transient  response  must  not  limit  vehicle  petfoimance.  The  9- 
cell  stack's  response  to  a  sudden  load  increase  is  shown  in  Hgure  9. 
The  battery's  response  is  essentially  instantaneous;  less  than  0.5 
milliseconds  are  required  to  reach  the  steady  state  voltage  value. 


2  .4  M  *  tJ»  1.4  1.4  !-•  IP 

TImt  [mMc] 


Fig.  9.  Transient  response  of  9-cell  short  stack. 

Conclusions 

The  advances  described  here  for  the  electrodes  and  Electrolyte 
Management  System  have  resulted  in  the  design  of  a  15  kW  Al^ 
power  source  with  an  energy  yield  in  excess  of  one  Megawatt-hr. 
Construction  will  begin  soon  of  this  propulsion  system  for  an  utunaimed, 
underwater  vehicle.  The  specific  energy  density  based  on  anode  weight 
is  neatly  4  kWh/kg  aluminum. 


A  substantial  pan  of  this  work  was  performed  under  the  auqiloes 
of  the  Advanced  Rereatcfa  Projects  Agency,  Contract  Number  MDA- 
972-91-C-0040. 
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Introduction 

In  a  conventional  fuel,  cell  hydrogen  and  oxygen  from  the  air  are 
combined  to  produce  electricity,  heat  and  water.  In  an  aluminum  fuel 
cell,  aluminum  is  used  instead  of  hydrogen  and  the  reaction  products 
are  electricity,  heat  and  aluminum  hydroxide.  Unlike  a  battery,  a 
fuel  cell  is  not  electrically  recharged  and  will  provide  power  for  as 
long  as  fuel,  in  this  case  aluminum,  is  supplied.  Aluminum  as  a  fuel 
in  an  aluminum  fuel  cell  provides  the  same  energy,  weight  for 
weight,  as  gasoline  used  in  an  internal  combustion  engine  and  is 
volumetrically  more  energy  dense  than  hydrogen  stored  as  a  high 
pressure  gas,  as  liquid  hydrogen  or  as  a  metallic  hydride. 

This  means  that  the  aluminum  fuel  cell  power  source  (FCPS) 
competes  favorably  with  hydrogen  fuel  cells  in  transportation 
applications  where  the  requirement  is  for  a  compact  power  source. 
Particular  examples  where  the  aluminum  FCPS  has  been  demon¬ 
strated  are  as  a  range  extender  in  a  Chrysler  minivan  and  as  a  long 
endurance  energy  source  in  a  21-inch  diameter  unmanned  underwater 
vehicle  (UUV). 

The  key  to  this  development  has  been  the  provision  of  aluminum 
alloy  anodes  that  are  stable  in  strongly  alkaline  electrolytes  and  can 
release  their  stored  energy  efficiently  over  a  wide  range  of  power 
densities.  This  has  reduced  the  engineering  complexity  of  the 
aluminum  FCPS  and  has  significantly  accelerated  prototype  power 
source  production  and  in-vehicle  testing.  The  cost  of  aluminum  as 
a  fuel  depends  on  the  tolerance  to  iron  impurities  present  in  lower 
cost  grades  of  aluminum  and  to  date,  aluminum  fuel  has  had  to  be 
made  from  more  expensive  superpure  aluminum  as  the  anode  alloy 
base.  However,  recent  developments  have  shown  that  it  may  now 
be  possible  to  make  efficient  anodes  directly  from  pot-line 
aluminum. 

The  paper  summarizes  the  present  state  of  development  of  the 
aluminum  FCPS  by  Alupower  and  its  partners  for  both  land  and  sub¬ 
sea  applications  and  describes  aluminum  anode  development  and  the 
tolerance  to  iron  impurities  and  its  consequent  effect  on  the 
aluminum  fuel  economy. 

In-Vehicle  Demonstration  Programs 

An  electric  vehicle  aluminum  FCPS  demonstration  program  was 
completed  by  Alupower  at  the  end  of  1991  with  the  road  test  of  a 
7.5  kW  range  extender  module  fitted  to  a  Chrysler  minivan'  A  total 
of  24.4  hours  of  operation  at  various  power  levels  was  achieved  over 
a  fourteen  day  period  and  the  system  provided  74.4  kWh  of 
electrical  energy.  A  range  of  21 1  km  of  city  driving  was  demon¬ 
strated  compared  to  the  range  of  300  km  predicted  from  earlier 
dynamometer  testing.  The  lead-acid  batteries  provided  an  additional 
17  kWh  which  would  have  limited  the  range  of  the  vehicle  to  only 
50  km  if  used  alone. 

The  range  extender  module  in  the  minivan  contains  a  56-cell 
stack  with  cells  connected  in  series  Electrolyte  is  pumped  from  a 
reservoir  through  the  cell  stack  and  through  a  heat  exchanger  to 
control  a  maximum  electrolyte  temperature  of  60°C  Each  cell 
contains  an  aluminum  anode  which  is  6  mm  thick  and  has  a  surface 
area  of  1000  cm^.  There  is  a  sufficient  volume  of  the  8M  KOH 
electrolyte  (180  I)  such  that  the  system  runs  without  the  precipitation 


of  aluminum  hydroxide  and  at  the  end  of  discharge  all  the  aluminum 
fuel  consumed  remains  as  a  soluble  aluminate  ion  in  the  electrolyte 
This  simplifies  the  refuelling  operation. 

Sea  trials  of  an  aluminum  FCPS  fitted  to  the  Applied  Remote 
Technology  XP-21  unmanned  underwater  vehicle  were  completed  at 
the  end  of  1993^'*.  The  power  source  was  configured  as  two  76-cell 
modules  which  could  provide  1.25  kW  and  50  kWh  as  single  units 
or  2.5  kW  and  100  kWh  when  connected  in  series.  The  complete 
power  source  occupied  an  88-inch  (2235  mm)  long  section  of  the 
21-inch  (533  mm)  diameter  vehicle.  Oxygen  was  supplied  to  the 
FCPS  from  high  pressure  gas  spheres  at  4000  psig  (27.7  MPa) 

The  trials  provided  a  wealth  of  operational  experience  of  the 
aluminum  FCPS  operating  in  a  closed  hull  environment  including 
stop-start  operation  and  discharge  at  a  wide  range  of  power  levels. 
A  total  of  four  76-cell  modules  were  discharged  The  energy  density 
of  the  system,  at  a  power  density  of  4.4  W/1  was  260  Wh/1  which  is 
almost  twice  the  energy  density  of  silver-zinc  batteries  The  energy 
density  of  the  aluminum  FCPS  could  be  improved  by  cell  design 
optimization  and  the  use  of  liquid  oxygen  to  nearly  500  Wh/I. 

Each  cell  of  the  76-cell  power  source  module  has  an  individual 
electrolyte  reservoir  and  the  cell  contains  a  4  mm  thick  360  cm^ 
anode.  The  4.5M  KOH  electrolyte  is  circulated  by  the  natural 
convection  set  up  by  heat  generated  in  the  cell  gap  and  this  type  of 
cell  is  known  as  the  self-managing  cell.  As  the  aluminum  hydroxide 
precipitates  from  the  electrolyte  it  settles  and  accumulates  at  the 
bottom  of  the  cell  and  at  the  end  of  discharge  the  aluminum  anode 
is  consumed  and  the  cell  is  filled  with  reaction  product.  The  power 
source  is  refuelled  by  replacement  of  the  complete  76-cell  module. 

Aluminum  Anode  Development 

The  anode  in  a  power  source  is  the  reservoir  of  electricity  and 
candidate  anode  materials  can  be  rated  by  their  charge  density, 
which  is  the  number  of  electrons  available,  either  per  unit  weight  or 
per  unit  volume.  The  most  energy  dense  anode  materials  are  liquid 
hydrogen  (26.59  Ah/g,  2.04  Ah/ciii^)  beryllium  (5.95  Ah/g,  11.0 
Ah/cm’),  lithium  (3.86  Ah/g,  2.06  Ah/cm^)  and  aluminum  (2.98 
Ah/g,  8.05  Ah/cm’).  Aluminum  is  therefore  a  good  candidate  power 
source  fuel  from  both  a  gravimetric  and  volumetric  perspective  and 
is  also  non-toxic  compared  to  beryllium,  safe  compared  to  lithium 
and  a  solid  at  ambient  temperature  compared  to  hydrogen. 
Aluminum  is  also  the  third  most  abundant  element  in  the  earth's 
crust  after  oxygen  and  silicon.  Also,  the  aluminum  hydroxide 
reaction  product  generated  in  a  power  source  may  be  recycled  back 
to  aluminum  metal  through  the  same  pot-lines  used  for  aluminum 
production. 

Although  the  earliest  reference  to  the  use  of  aluminum  in 
batteries  is  in  1855'*,  it  was  only  in  1989  that  an  anode  composition 
was  patented  that  is  stable  in  a  highly  alkaline  battery  electrolyte  and 
is  efficient  over  a  wide  range  of  current  densities.  This  anode  is  an 
alloy  with  tin  (0.07  wt%)  and  magnesium  (0  5  wt%)  which  is  used 
with  a  low  level  addition  of  tin,  as  stannate,  to  the  electrolyte 

The  present  era  of  development  of  the  aluminum-air  fuel  cell 
began  with  the  work  of  Zaromb’',  who  published  work  on  the 
combination  of  an  aluminum  anode  with  a  semi-permeable  carbon 


136 


based  catalytic  membrane  for  the  reduction  of  oxygen  from  the  air. 
However,  the  aluminum  anodes  used  suffered  from  high  polarization 
(low  cell  voltage),  passivity  under  load  and  high  levels  of  corrosion 
both  at  open  circuit  and  under  load.  This  high  rate  of  corrosion 
produced  copious  quantities  of  hydrogen.  This  situation  was 
significantly  improved  by  Pryor*  who  developed  a  family  of 
aluminum-tin  alloys  based  on  some  earlier  observations  that  tin 
could  promote  the  dissolution  of  aluminum  utensils.  Pryor  also 
added  gallium  and  magnesium  to  his  favoured  anode  composition 
which  became  known  as  A6. 

Tin  could  also  be  introduced  to  the  power  source  by  using 
sodium  stannate  dissolved  in  the  electrolyte  and  the  use  of  this 
addition  at  the  0.06M  level  became  a  ubiquitous  addition  as  a,  so 
called,  corrosion  inhibitor*.  The  consequence  of  this  was  that  using 
this  addition  to  the  electrolyte  masked  almost  all  effects  brought 
about  by  changes  in  anode  alloy  chemistry  through  the  phenomenon 
of  electrochemical  dominance  which  will  be  explained  later. 
However,  Moden'®  was  able  to  patent  a  variant  of  A6  where  all  the 
tin  was  added  to  the  electrolyte  rather  than  the  anode  and  his 
aluminum-gallium-magnesium  alloy  became  known  as  RX808  and 
was  the  benchmark  composition  for  subsequent  anode  development 
programs.  The  big  advantage  over  A6  was  in  castability. 

In  1982,  Alcan  began  its  aluminum  anode  development  program, 
following  the  promotion  by  Cooper"  of  the  aluminum-air  FCPS  for 
a  fully  traffic  compatible  electric  vehicle.  The  Alcan  program  used 
99.999%  super  purity  aluminum  to  which  trace  single  additions  were 
made  of  gallium,  indium  and  tin  This  work  showed  that  for  an 
alloying  addition  to  be  effective,  it  had  to  be  held  in  solid  solution 
in  the  aluminum  crystal  structure.  When  mixed  compositions 
containing  more  than  one  of  the  three  elements  were  tested,  in  every 
case  when  tin  was  present  in  the  anode  system,  the  anode  behaved 
as  if  it  was  an  aluminum-tin  alloy.  Tin  dominated  electrochemically 
over  indium  and  gallium  and  in  the  total  absence  of  tin,  indium 
dominated  over  gallium'^  This  could  all  be  explained  in  simple 
terms  by  referring  to  the  relevant  Pourbaix  diagrams.  For  an 
element  to  modify  the  electrochemical  behaviour  of  an  aluminum 
anode,  it  had  to  be  dissolved  either  in  the  anode  or  the  electrolyte, 
to  not  dissolve  as  aluminum  dissolved  from  the  anode  surface  and 
to  have  a  lower  melting  point  than  aluminum  Only  ten  elements 
satisfy  these  simple  criteria:  antimony,  zinc,  lead,  cadmium,  thallium, 
bismuth,  tin,  indium,  gallium  and  mercury  -  listed  in  decreasing 
melting  point  order  and  in  order  of  decreasing  electrochemical 
dominance.  To  see  the  electrochemical  characteristic  of  any  element 
in  the  list,  then  all  those  elements  higher  in  the  list  have  to  be  absent 
from  the  anode  and  the  electrolyte.  Cell  voltage  increases  as 
dominance  and  melting  point  reduces  so  the  optimum  additions  are 
at  the  end  of  the  list  provided  corrosion  rates  are  acceptable 
Unfortunately,  mercury  and  gallium  which  provide  the  highest  cell 
voltages  can't  be  used  as  anode  corrosion  rates  are  extremely  high 
and  such  anodes  are  better  suited  for  hydrogen  generators  rather  than 
use  in  a  power  source.  The  operational  problem  of  aluminum- 
indium  anodes  is  that  the  corrosion  rate  increases  progressively  with 
discharge  time,  particularly  at  low  current  density,  leading  again  to 
excessive  heat  and  hydrogen  production  and  unacceptable  anode 
performance.  This  can  be  improved  by  addition  of  manganese  and 
magnesium  to  the  Dasic  binary  alloy,  resulting  in  an  alloy  known  as 
BDW*5.  However,  BDW  is  not  suitable  for  use  in  aluminum  power 
sources  with  high  energy  density. 

By  far,  the  best  anodes  are  based  on  the  aluminum-tin  anode 
system  with  as  much  tin  as  possible  in  solid  solution  in  the 
aluminum.  This  is  limited  to  0.07  wt%  as  although  the  maximum 
solubility  is  0.12  wt%,  anodes  with  higher  levels  of  tin  are  difficult 


to  cast  as  sound  ingots,  particularly  as  the  ingot  size  is  increased. 
The  addition  of  stannate  to  the  electrolyte  compensates  for  the  lower 
than  ideal  level  of  tin  in  the  alloy  and  the  anode  corrosion  rate  is 
further  improved  by  the  addition  of  magnesium  at  the  0.5  wt%  level. 
Magnesium  controls  a  high  hydrogen  production  state  of  the 
aluminum  anode  surface  that  is  prevalent  at  the  start  of  discharge 
and  can  be  maintained  at  low  operating  current  densities-.  The  high 
efficiency  aluminum-tin-magnesium  alloy  is  known  as  EB.  Although 
gallium  can  improve  anode  potential  by  up  to  50  mV,  it  is  specifi¬ 
cally  excluded  from  the  anode  composition  as  the  anode  corrosion 
rate  is  increased  both  on  and  off  load  and  the  tolerance  to  iron 
bearing  impurities  in  the  aluminum  is  significantly  reduced'*. 

Aluminum  Anode  Efficiency 

The  rate  of  corrosion  of  anode  alloy  EB  depends  on  the  anode 
potential  as  determined  by  the  operating  current  density,  the  tempera¬ 
ture  and  molarity  of  the  electrolyte,  the  stannate  concentration  and 
the  iron  level  in  the  anode.  Corrosion  rate  decreases  with  increasing 
current  density  as  the  anode  potential  is  reduced  but  increases  with 
temperature,  electrolyte  molarity  and  iron  level.  An  addition  of 
stannate  in  the  range  0.004  to  0.02M  is  a  compromise  between 
increasing  the  level  of  tin  available  to  the  anode  whilst  avoiding  the 
risk  of  the  development  of  tin  dendrites  on  the  anode  surface  that 
can  bridge  between  the  anode  and  the  air  cathode  Figure  I  shows 


the  rate  of  hydrogen  production  using  anode  alloy  EB  with  an  iron 
level  of  less  than  10  ppm  in  a  cell  of  the  type  used  in  the  XP-21 
aluminum  FCPS  as  a  function  of  operating  current  density  and 
electrolyte  temperature  in  the  range  of  18  to  54°C  The  cell  was 
filled  with  660  cm*  of  4.5M  KOH  0  OIM  sodium  stannate  and  the 
kinetics  of  the  hydrogen  evolution  reaction  were  monitored  continu¬ 
ously  by  pumping  air  across  the  top  of  the  electrolyte  which  was 
then  passed  into  a  calibrated  Analygas  Systems  Model  62  hydrogen 
monitor.  Currents  were  set  at  0  A,  3.75  A  (10  mA/cm*)  and  8  5  A 
(24  mA/cm*)  to  examine  anode  efficiency  at  low  current  density  and 
under  open  circuit  conditions. 

From  the  data  shown  in  Figure  1  it  can  be  seen  that  the  hydrogen 
evolution  rate  increases  as  expected  with  both  increasing  temperature 
and  decreasing  current  density  and  the  empirical  data  can  be  fitted 
to  an  Arrhenius  rate  equation.  The  anodic  coulombic  efficiencies 
calculated  from  the  data  in  Figure  I  are  listed  in  Table  1 

If  cells  are  run  at  temperatures  between  55  and  65°C,  then  the 
current  density  needs  to  be  20  mA/cm*  or  higher  to  ensure  that  the 
anode  efficiency  remains  above  90%.  The  rate  of  hydrogen  produc¬ 
tion  at  10  mA/cm^  is  10  cmVmin  for  an  anode  area  of  350  cm* 
This  means  that  the  50  kWh  XP-21  power  source  will  produce  about 
0.8  1/min  of  hydrogen  when  operating  at  a  low  power  of  150  W 
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Table  1 

Anode  Efficiency  in  4.SM  KOH  -i-  O.OIM  Stannate 


Electrolyte  Temperature  | 

Current  Density 

20‘'C 

40°C 

50*0 

10  mA/cm^ 

99.5% 

94% 

85% 

24  mA/cm* 

99.8% 

98% 

95% 

A  similar  set  of  results  is  shown  in  Figure  2  for  alloy  EB  using 
a  flowing  electrolyte  cell  and  assessing  coulombic  efficiency  using 
weight  loss  techniques  after  extensive  anode  discharge.  Hydrogen 
measurements  were  also  carried  out  to  estimate  the  hydrogen 
evolution  rate  from  the  range  extender  power  source  using  8M  KOH 
electrolyte  in  the  temperature  range  60  to  80°C  at  current  densities 
of  0,  40,  80  and  1 60  mA/cm*.  The  results  of  these  test  are  summar¬ 
ized  in  Table  2. 


Figure  2.  Anode  Coulombic  Efficiency  (Flowing  Electrolyte  Cell) 

If  the  electrolyte  temperature  increases  above  dO^C  then  effi¬ 
ciency  will  drop  below  90%  at  current  densities  below  40  mA/cm^. 
From  the  above  data,  the  S6-cell  stack  of  the  range  extender  will 
generate  approximately  1.9  l/min  of  hydrogen  at  130  mA/cm^  and 
80‘’C  which  drops  to  0.25  l/min  at  the  normal  operating  temperaure 
of  60°C. 


Table  2 

Anode  Efficiency  in  8M  KOH  +  O.OIM  Stannate 


Electrolyte  Temperature 

Current  Density 

OOX 

80°C 

40  mA/cm^ 

95.4% 

75.0% 

80  mA/cm^ 

98.2% 

93.6% 

160  mA/cm^ 

99.6% 

97.0% 

Open  Circuit  Corrosion  Rate 

The  target  open  circuit  corrosion  rate  for  an  aluminum  anode  was 
set  at  I  mA/cm^  by  the  DOE  aluminum-air  traction  program  led  by 
LLNL.  As  a  comparison,  the  corrosion  rate  of  zinc  in  4M  KOH  at 
50°C  has  been  measured  as  0.25  mA/cm^  and  amalgamated  zinc 
powder  has  a  corrosion  rate  as  low  as  0.01  mA/cm^  in  9M  KOH  at 
50°c'’-'*.  The  open  circuit  corrosion  rate  of  alloy  EB  in  5M  KOH 
+  O.OIM  stannate  was  measured  by  weight  loss  after  45  days  at 
25°C  in  a  self-managing  cell  and  was  0.01 1  mg/cmVmin  which 
corresponds  to  2.0  mA/cm^.  A  similar  measurement  after  10  days 


in  a  flowing  cell  at  25°C  using  2.8M  KOH  O.OIM  stannate  electro¬ 
lyte  gave  a  corrosion  rate  of  0.0052  mg/cmVmin  which  corresponds 
to  1 .0  mA/cm^. 

The  open  circuit  corrosion  rate  of  alloy  EB  has  also  been 
measured  at  higher  electrolyte  temperatures  using  the  hydrogen 
measurement  method.  In  a  flowing  cell  using  8M  KOH  +  O.OIM 
stannate,  corrosion  rates  of  0.6  mA/cm^  at  40°C,  4.6  mA/cm^  at 
60“C  and  20  mA/cm^  at  80°C  were  measured.  This  can  be  com¬ 
pared  to  the  open  circuit  corrosion  rate  as  a  function  of  temperature 
in  a  self-managing  cell  as  shown  in  Figure  I  where  the  rate  varies 
from  less  than  1  mA/cm^  at  20'’C  to  nearly  4  mA/cm^  at  40°C. 

These  measurements  show  that  although  there  is  variation,  the 
open  circuit  corrosion  rate  of  anode  alloy  EB  is  of  the  order  of  I 
mA/cm*  at  25®C  which  satisfies  the  LLNL  target.  However,  this 
rate  doubles  with  every  10“C  rise  in  electrolyte  temperature.  This 
is  shown  in  Table  3  as  a  loss  of  cell  capacity  as  a  function  of  time 
for  the  XP-21  power  source  cell  assuming  an  original  capacity  of 
567  Ah  from  the  weight  of  anode  in  the  cell.  A  complete  self¬ 
discharge  takes  approximately  80  days  at  20°C. 


Table  3 

Anode  Self  Discharge  Rate  at  Open  Circuit 


1  min 

1  hour 

I  day 

10  days 

20°C 

0.005  Ah 
(0.001%) 

0.28  Ah 
(0.05%) 

6.8  Ah 
(12%) 

68  Ah 
(12%) 

40‘‘C 

0.02  Ah 
(0.003%) 

1.3  Ah 
(0.23%) 

32  Ah 
(5.6%) 

316  Ah 
(55.7%) 

Impurity  Tolerance 

Extensive  studies  of  the  effect  of  impurities  in  aluminum  on 
anode  efficiency  have  concluded  that  iron  is  the  most  significant 
impurity  which  controls  the  corrosion  rate  of  aluminum  in  power 
source  electrolytes'"'.  This  is  shown  in  Figure  3  which  shows  how 
the  efficiency  of  alloy  EB  drops  as  the  iron  level  increases.  This 
figure  has  been  compiled  from  anode  release  test  data.  There  is  no 
similar  correlation  with  any  other  contaminant.  The  anode  efficiency 
is  acceptable  (>90%)  if  the  iron  level  is  less  than  10  ppm. 


Figure  3.  Effect  of  Iron  Level  on  Anode  Efficiency 


Higher  levels  of  iron  may  be  tolerated  by  heat  treatment  to  take 
the  iron  into  solid  solution  in  the  aluminum.  Iron  impurities  form 
second  phase  particles  which  act  as  local  cathodes  to  stimulate 
corrosion  as  iron  is  relatively  insoluble  in  aluminum'^.  Heat 
treatment  at  high  temperature  can  dissolve  these  particles  and  can 
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restore  anode  efficiency.  For  example,  an  EB  alloy  with  an  iron 
level  of  20  ppm  and  a  coulombic  efficiency  of  77%  at  60  mA/cm^ 
provided  an  efficiency  of  over  93%  when  given  a  heat  treatment  to 
solutionize  iron  particles.  Since  the  maximum  solubility  of  iron  in 
aluminum  at  640°C  is  340  ppm  (0.034  wt%)  this  represents  the 
maximum  level  of  iron  impurity  that  may  eventually  be  tolerated  in 
aluminum  anodes.  It  is  also  possible  to  moderate  the  effect  of 
second  phase  iron  particles  by  using  manganese  additions  which 
reduce  their  effect  as  cathodic  sites'".  This  method  is  much  less 
effective  than  heat  treatment  to  remove  the  particles  completely. 

These  results  show  that  efficient  anode  alleys  can  be  made  from 
99.99%  super  purity  aluminum  rather  than  99.999%  superpurity 
aluminum  which  reduces  the  cost  of  the  base  metal  by  a  factor  of 
two.  The  best  pot-line  aluminum  available  is  99.9%  which  typically 
contains  a  minimum  of  350  ppm  (0.035  wt%)  iron  In  order  to  make 
anode  alloys  from  pot-line  aluminum  then  better  control  of  iron 
impurity  levels  is  required  to  produce  low  iron  metal  (ideally  less 
than  200  ppm)  in  a  single  reduction  step  from  a  pot-line  cell. 

The  Aluminum  Fuel  Economy 

The  market  price  of  super  purity  aluminum  made  by  the  Hoopes 
electrolytic  refining  process  ranges  from  $6. 80/kg  for  99.999%  down 
to  $3. 50/kg  for  99.99%  which  is  the  lowest  purity  grade  available. 
Selected  99.9%  pot-line  metal  with  iron  at  <350  ppm  can  be 
obtained  at  a  $0.1 1/kg  premium  compared  to  99.85%  pot-line 
aluminum  which  is  presently  trading  at  SI. 25/kg. 

Production  capacity  of  super  purity  metal  is  of  the  order  of 
15,000  tonnes/year  in  the  western  world  with  a  capacity  of  up  to 
80,000  tonnes/year  in  CRS,  Poland  and  Romania.  Energy  consump¬ 
tion  to  refine  aluminum  by  the  Hoopes  process  is  between  12.5 
kWh/kg  up  to  16  kWh/kg  which  has  to  be  added  to  the  minimum  of 
13  kWh/kg  used  to  produce  pot-line  aluminum.  The  cost  to  produce 
super-purity  aluminum  is  of  the  order  of  $2. 1 5/kg  when  power  costs, 
metal  loss,  labor  and  depreciation  are  considered'''. 

In  addition  to  the  metal  cost,  there  is  an  anode  production  cost 
that  involves  the  alloying,  casting,  analysis,  extrusion,  machining  and 
testing  of  anodes  which  varies  with  production  volume.  Present 
costs  for  99.99%  super  pure  aluminum  using  a  12  tonne  production 
furnace  are  $1 1/kg.  Using  this  price,  the  cost  of  aluminum  as  a  fuel 
is  $3.3/kWh  assuming  an  anode  efficiency  of  94%  and  an  average 
cell  voltage  of  1.2V  which  translates  to  3.36  kWh/kg.  This  could  be 
reduced  to  $3. 66/kg  and  $1.08/kWh  by  using  selected  pot-line  metal 
and  alloying  and  making  anodes  directly  on  a  continuous  caster 

If,  eventually,  the  demand  for  aluminum  as  a  fuel  is  high  enough 
to  require  one  million  tonnes  of  aluminum  per  year  and  the 
aluminum  hydroxide  is  recovered  from  the  used  power  source 
electrolyte,  then  aluminum  fuel  costs  could  be  reduced  further  to 
$1. 54/kg  or  $0.46/kWh.  For  this  to  happen,  the  aluminum  hydroxide 
reaction  product  has  to  be  calcined  directly  to  alumina  which  is  then 
fed  into  the  pot-line  cells.  This  will  also  reduce  iron  contamination 
as  the  original  bauxite  ore  is  a  major  source  of  iron  contamination 
in  the  final  pot-line  aluminum.  Iron  is  also  introduced  from  the 
carbon  anodes  of  the  pot-line  reduction  cell,  from  steel  studs  in  the 
pots  and  from  steel  tools  used  for  melting  and  casting.  Using  best 
practices  and  recycled  reaction  product  alumina  it  should  be  possible 
to  make  99.95%  purity  metal  this  way  with  iron  at  less  than  100-200 
ppm.  This  approach  ofers  the  potential  to  reduce  the  cost  of 
aluminum  as  a  fuel  to  7^/km  which  compares  to  the  cost  of  driving 
on  gasoline  at  3.5^/km  or  electricity  from  the  utilities  at  0  50/km, 
assuming  an  energy  requirement  of  1 50  Wh/km.  These  figures  are 


consistent  with  those  reported  by  LLNL^®  but  are  very  different  from 
the  present  best  production  price  estimate  of  SI  I/kg  which  is 
500/km. 

Presently,  while  the  cost  of  aluminum  as  a  fuel  is  high  and  the 
cost  of  gasoline  is  low,  aluminum  as  a  fuel  in  transportation  applica¬ 
tions  is  only  suitable  for  electric  vehicle  range  extension  where  the 
aluminum  FCPS  is  only  activated  occasionally  or  for  use  in  electric 
propulsion  applications  where  high  energy  density  and  covertness  of 
operation  are  essential  as  in  the  air  independent  propulsion  of 
underwater  vehicles. 

Summary 

The  high  energy  density  aluminum  FCPS  has  been  successfully 
demonstrated  in  both  land  based  and  sub-sea  vehicle  applications. 
These  systems  utilize  the  development  of  a  highly  efficient 
aluminum  anode  composition,  EB,  which  achieves  a  coulombic 
efficiency  of  more  than  90%  over  a  wide  range  of  operating  power 
levels  and  has  a  low  open  circuit  corrosion  rate  at  ambient  tempera¬ 
ture.  The  EB  anode  alloy  can  be  made  tolerant  of  iron  impurities  by 
heat  treatment.  Presently  the  cost  of  aluminum  as  a  fuel  is  very  high 
compared  to  the  cost  of  gasoline  but  this  could  be  reduced  signifi¬ 
cantly  by  the  direct  use  of  low  iron  pot-line  metal  and  by  the 
recycling  of  the  aluminum  hydroxide  reaction  product. 
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Abstract 

We  report  a  novel  configuration  for  a  zinc-particle,  packed-bed 
anode  in  which  an  open  structure  of  high  hydraulic  permeability  is 
maintained  indeOnitely  in  a  cell  with  closely  spaced  walls  by  the 
formation  of  particle  bridges  and  associated  gaps.  The  configuration 
minimizes  electrolyte  pumping  costs,  allows  rapid  refueling  and 
partial  recharge,  and  provides  for  100%  zinc  consumption.  This 
approach  benefits  zinc/air  fuel  batteries  by  allowing  nearly 
continuous  operation  and  fuel  recycle  without  commercial 
infrastructure;  it  benefits  Zn/[Fe(CN)6]'3  batteries  by  eliminating 
shape-change  and  polarization  problems  found  with  planar  anodes. 

Introduction 

Zinc/air  batteries  have  long  attracted  interest  in  mobile  and 
stationary  power  applications  because  of  low  cost  and  high  energy 
density  (150-350  Wh/kg).  Zinc  batteries  might  be  classified  into 
four  broad  types:  (1)  primary,  (2)  secondary,  i.e.,  electrically 
recharged;  (3)  reconstructable  cell;  and  (4)  refuelable  cell.  Primary 
batteries  have  found  widespread  application  in  disposable  batteries 
for  hearing  aids,  and  have  been  developed  for  military  field 
electronics  as  well  as  recyclable  lap  top  computers.  Primaries  have 
high  life  cycle  costs  and  contain  RCRA  land-banned  materials 
limiting  disposal:  zinc  and  often  corrosion  inhibitors  (such  as 
mercury  or  cadmium).  Secondary  batteries  using  bifunctional  air 
electrodes  can  be  cycled  at  most  a  few  hundred  times,  and  compete 
poorly  with  secondary  batteries  (lithium  polymer,  Ni/H2,  etc.)  of 
comparable  energy  density  but  greater  durability  and  power. 
Electric  storage  batteries  using  the  Zn/[Fe(CN)5]'3  couple  are 
limited  by  shape  change  and  show  low  power  densities  (W/m^) 
characteristic  of  planar  zinc  electrodes.  * 

Electric  Fuel,  Ltd.  (Israel)  recently  tested  reconsmictable-cell 
zinc/air  batteries  in  postal  vans  in  Germany,  demonstrating  anode 
replacement  using  robotics  and  energy  densities  up  to  200  Wh/kg. 
Zinc  consumption  is  incomplete,  and  the  undischarged  zinc  is 
recovered  along  with  discharge  products  in  a  complex  anode 
fabrication  process  requiring  industrial  infrastructure.^ 

Laboratory  zinc/air  cells  using  stationary  bed  anodes  have 
been  developed  at  University  of  California  (Berkeley).  Discharge 
results  in  precipitation  of  solid  ZnO  without  passivation  and  out  of 
contact  with  the  zinc/electrolyte  interface,  giving  cells  in  this 
configuration  a  loading  capacity  of  -400  Ah/liter-electrolyte.  Ducts 
allow  electrolyte  circulation  by  density-driven  ("solutal") 
convection,  which  obviates  the  use  of  electrolyte  pumps.  The  cell  is 
refurbished  using  a  jet  of  electrolyte  to  dislodge  and  fluidize  a 
product  cake  consisting  of  zinc  oxides  and  zinc,  after  which  fresh 
electrolyte  and  zinc  particles  may  be  added.3 

A  zinc/air  battery  refueled  with  a  particle/alkaline  slurry  was 
pursued  by  CGE  (France)^  and  by  Pinnacle  Research  Institute 
(Califomia).5  CGE  developed  tubular  zinc  cells  through  which  the 
reactive  slurry  is  circulated  durins  discharge.  To  avoid  abrasion,  the 
battery  tubes  were  of  heavy  construction  using  thick,  resistive 
asbestos  separators.  The  weight  and  cell  resistance  reduced  energy 
and  power  densities  below  1(X)  Wh/kg  and  50  W/kg. 

Technical  Approach 

Renewed  commercial  interest  in  zinc/air  applications  have 
encouraged  efforts  at  this  laboratory  to  develop  refuelable  zinc/air 
batteries  for  stationary  and  mobile  (electric  vehicle)  applications  that 
avoid  major  limitations  of  the  existing  technologies  cited  above.^ 
Specifically,  we  have  developed  and  demonstrated  a  novel  self¬ 
feeding  cell  which  uniquely  provides  the  following:  (1)  the  cell  is 
rapidly  refueled  by  hydraulic  transfer  of  a  slurry  of  0.5-1  mm  zinc 
pt^cles  after  pumping  out  the  exhausted  electrolyte  (an  alkaline 
liquid  containing  zincates  and  colloidal  zinc  oxides);  (2)  100%  of  the 
zinc  introduced  into  the  battery  is  consumed  to  produce  electric 
tx)wer,  (3)  the  design  provides  for  partial  recharge,  recharge  under 


load,  and  equalization  of  individual  cell  capacities;  (4)  the  cell  is 
robust  because  nearly  all  of  the  reactant  mass  is  stored  outside  of 
cell,  protecting  the  fragile  air  electrode  and  separator  membranes 
from  abrasion  during  refueling  or  damage  during  handling  or  road 
shocks;  and  (5)  electrolyte  pumping  power  is  negligible,  consuming 
less  than  0.1%  of  the  gross  power  output.^ 

The  cell  design  (Figure  1 )  is  based  on  a  phenomenon  of  two- 
phase  flow.  When  particles  of  nearly  uniform  size  are  introduced 
into  a  channel  having  a  width  only  a  few  times  larger,  the  panicles 
do  not  close  pack.  Rather,  a  stationary  bed  is  formed  which  has 
network  of  arches  and  bridges  spanning  the  gap.  As  zinc  anode 
particles  discharge  and  decrease  in  dimensions,  the  open  network 
persists  if  the  bed  tapers  in  the  direction  of  flow  such  that  the  gap  is 
always  less  than  about  5  times  the  average  panicle  dimension.  This 
open  structure  persists  even  under  conditions  of  agitation.  Panicles 
enter  the  cell  under  gravity  flow  and  move  both  downwards  and 
normal  to  the  cathode  surface  (where  panicle  discharge  is  favored). 
The  solid  fraction  of  the  bed  has  been  estimated  from 
macrophotographs  to  be  between  40-  and  50%  by  volume,  and  no 
doubt  is  a  function  of  surface  friction  coefficients  of  zinc  and  current 
collectors,  polarization,  agitation,  and  electrolyte  composition. 


(3ells  are  refueled  from  a  panicle  slurry  flowing  through  an 
adjacent  duct.  As  the  slurry  is  passed  over  an  orifice  atop  each  cell,  a 
fraction  of  the  panicles  fall  into  the  hopper.  Since  the  interiors  of 
the  cells  are  not  disturbed,  the  slurry  velocity  in  the  fill  tubes  can  be 
quite  large.  We  have  filled  cells  in  less  than  2  minutes  by  this 
technique.  The  time  to  fill  multicells  in  parallel  is  limited  by  the 
capacity  of  the  slurry  pump.  Before  discharge,  the  fill  tubes  are 
drained  and  the  orifices  are  closed. 

The  recycling  of  zinc  products  is  done  by  a  user-owned  and 
operated  unit.  For  example,  an  electrodeposited  zinc  plate  may  be 
shredded  into  fuel  particles.^  We  have  developed  a  technique  which 
combines  proprietary  electrochemical  and  mechanical  processes  to 
generate  particles  of  zinc  from  battery  reaction  products.  The 
equipment  can  be  housed  at  the  home  base  of  the  user,  and  in  some 
applications  should  be  miniaturized  and  placed  within  the  battery.  In 
either  case,  no  commercial  infrastructure  whatsoever  is  requir^  to 
collect,  transport  or  recycle  products  into  fuel. 

Technical  Status  and  Experimental  Results 

The  self-feeding  cell  has  been  tested  on  80-,  600-,  and  1000- 
cm^  scales,  and  a  stand-alone  battery  with  a  bipolar  stack  of  twelve 
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Figure  2.  Current,  temperature  and  voltage  were  stable  in  a  600- 
cm2  Zn/air  cell  using  a  Ag-catalyzed  cathode  (Alupower, 
Inc.).  The  cell  was  discharged  at  70  “C  in  flowing  12  N 
KOH  solution,  with  intermittent  refueling  with  zinc. 

250  cm2  cells  under  construction  for  mobile  testing. 

Long  duration  tests  were  conducted  using  a  silver-catalyzed 
air  electrode  (Alupower,  Inc.,  Warren  NJ).  Figure  2  shows  stable 
operation  at  1.15  kA/m2  and  70  C  for  fixed  load  discharges  without 
active  heat  rejection.  This  monopolar  cell  was  fed  from  a  hopper 
(top  2  cm  in  the  photograph  of  Figure  3)  which  was  periodically 
replenished  with  weighted  quantities  of  zinc.  Particle  bridges  formed 
even  when  the  cell  was  discharged  on  a  shaker  table  under 
conditions  normally  leading  to  powder  compacting  (20-50  mG 
horizontal  and  vertical  accelerations  at  60  and  120  Hz).  Anode 
current  collection  was  from  a  nickel  expanded  metal  screen  separated 
from  the  cathode  by  a  porous  polymer  membrane.  Coulomb 
efficiencies  approached  99%  after  2  h  of  operation,  and  determined 
by  comparing  the  time-integrated  load  current  with  the  amount  of 
zinc  added  to  maintain  a  constant  level  in  the  hopper.^ 

The  scaleup  of  self-feeding  configurations  was  tested  in 
1000  cm2  cells  yyui,  tapered  (1-6  mm)  anode  chambers  and  having  a 
modular  design  for  either  monopolar  or  bipolar  stacking.  The  air 
electrode  was  housed  in  a  replaceable  internal  cassette,  which  mated 
with  a  permanent  frame  containing  internal  air  and  electrolyte  flow 
channels.  (Tell  voltage  suffered  because  of  high  resistance  in  central 
feed-throughs  (1.05  V  at  60  A,  35  °C).  The  panicle  bridge  and  gap 
formation  was  found  for  1  mm  panicles  (Figure  4),  and  hydraulic 
power  dissipation  for  electrolyte  flow  was  negligible  despite  the  30 
cm  height  of  the  cell.  (Table  1). 

Improved  peripheral  cunent  collection  and  positive  rib 
suppon  within  air  and  zinc  chambers  was  tested  in  80  cm2  cells 
designed  for  bipolar  assembly.  These  laminated  ceils  have  internal 
electrolyte  and  air  distribution  channels.  The  improved  polarization 

in  Figure  6  results  from  (1)  an  improved  air  electrode  catalyst  and 
(2)  an  air-electrode  suppon  structure  which  compresses  the  cathode, 
separator  and  anode  current  collector  between  opposing  rib-like 
structures.  The  air  electrode  (model  AE  100,  catalyzed  with  of  Co 
tetramethyl-phenyl-poiphyrin,  CoTMPP)  was  supplied  by  Eltech, 
Inc.  Similar  polarization  with  an  Alupower,  Inc.  electrode  using 
CoTMPP  have  been  reported.  This  proprietary  configuration  has 
been  replicated  into  fully  engineered  250-cm2  bipolar  cell  stacks 
with  internal  circulation  of  air  and  electrolyte.  The  stack  will  be 
tested  (1994)  as  a  refuelable,  stand-alone  replacement  for 
commercial  lead/acid  electric-bus  batteries,  delivering  twice  the 
energy  in  a  unit  having  the  same  dimensions  and  half  the  weight. 

Existing  laboratory  cells  allowed  time-lapse  video  and  still 
macrophotography  of  the  evolution  of  the  bed  during  extended 
discharge  periods.  Except  for  the  1000  cm2  scale,  the  bed  is 
sufficiently  narrow  to  allow  observations  of  the  anode  current 
collector  and  separator.  The  following  summarizes  our  observations; 
(1)  A  steady-statejropulation  of  gaps  and  bridges  develops  in  about 


1  hour  at  1  kA/m'^,  starting  at  the  base  of  the  cell  and  proceeding 
upwards.  (2)  the  open  structure  is  maintained  in  a  dynamic  balance 
between  gap  formation  and  collapse,  with  a  time  constant  on  the 
order  of  100  s.  (3)  Approximately  40-50  vol.-%  of  the  bed  consists 
of  solid  particles.  (4)  Small  particles  (<  0.1  mm)  arc  entrained  in  the 
-  1  cm/s  phase  flow,  and  collect  and  discharge  at  the  top  of  the  cell. 
(5)  Agitation  appears  to  increase  the  number  and  to  decrease  the  size 
of  the  gaps.  (6)  The  particle  flow  is  normal  to  cathode  at  the 
separator  surface,  but  downwards  at  the  opposing  wall  (transfer 
plate).  The  particle  flow  pattern  results  in  a  layer  of  particles  of 
nearly  uniform  size  adjacent  to  the  bipolar  transfer  plate,  maintaining 
an  open  structure  of  nearly  constant  hydraulic  resistance. 

Table  1  collects  the  data  relevant  to  forced  convection  of  air 
and  electrolyte.  Hydraulic  power  dissipation  for  electrolyte  flow  is 
negligible.  We  favor  forced  convection  for  high  power  applications 
because  it  provides  a  means  for  decoupling  the  control  of  heat  and 
mass  transport  from  the  internal  state  of  the  battery. 


Table  1 .  Measured  power  dissipation  for  flow  circuits  in  2Wair  cells 


Cell  size, 
cafi 

Total 
electro¬ 
lyte  head, 
cm 

Electro¬ 

lyte. 

flow, 

ml/s 

Electro¬ 
lyte  flow 
power, 
mW 

Air  flow, 
1/min 

Air  flow 
power, 
mW 

Total 

parasitic 

power, 

%• 

80 

1.5 

3.4 

1.5 

80 

1530” 

600 

50 

5.0 

18.4 

^.0 

766 

6.^5 

loOo 

66 

13 

69 

i5.8 

21OO 

1.1 

♦Total  passive  power  dissipation  for  air  and  electrolyte  flow  circuits, 
for  rated  cell  power  of  2  kW/m2. 


Applications  and  analyses 

Experimental  zinc/ferricyanide  load  leveling  batteries  were 
limited  to  a  few  hundred  cycles  by  anode  shape  change,  and 
exhibited  the  relatively  high  polarization  characteristic  of  planar  zinc 
electrodes.  Capacity  was  limited  by  the  amount  of  zinc  supported  on 
the  anode. ^  The  development  of  a  self-feeding  cell  obviates 
problems  of  shape  change  and  cycle  life,  while  the  high  surface  ^a 
of  particles  lowers  the  cell  resistance  and  increases  power.  Since 
both  reactants  may  now  be  stored  outside  of  the  cell  and  injected  on 
demand,  the  capacity  is  arbitrarily  large  and  fully  indeptendent  of 
power  rating. 

Stationary  zinc/air  power  sources  for  emergency  or  silent 
power  benefit  from  indefinite  dry  shelf  life,  low  standby  losses  once 
activated,  and  the  ability  to  be  refueled  indefinitely  by  exchange  of 
reactants.  Hydraulic  refueling  allows  partial  recharge,  cell 
equalization,  and  refueling  under  load.  The  use  of  hoppers  as 
buffers  between  individual  cells  and  a  rapidly  flowing  slurry 
protects  the  fragile  interior  components  of  the  cells  and  minimizes 
the  impulse  imparted  to  the  electrodes  by  handling  or  road  shocks. 

Mobile  applications  of  this  technology  (reported  in  open^>2 
and  in  detailed  proprietary  documents)  exploit  lx)th  the  high  energy 
density  and  rapid  refuelability  to  increase  range  and  to  allow  nearly 
continuous  operation  by  means  of  periodic  refueling. 

The  weight  (W)  and  volume  (V)  of  the  battery  of  current 
design  can  be  represented  by  a  linear  combination  of  peak  rated 
power  (P)  and  nameplate  energy  (E): 


W  =  Ki  P  +  K2  E  ,  and  V  =  K3  P  -i-  K4  E.  (1) 

For  the  bipolar  stack  and  support  auxiliaries  under  construction,  Kj 
=  5  kg/kW,  K2  =  1.1  kg/kWh,  K3  =  5.6  liters/kW,  and  K4  = 
0.74  liters/kWh.  The  specific  energies  and  powers  implied  by  (1) 
are  not  as  high  as  found  with  paste-type  zinc  anodes.  We  have 
gained  the  benefits  of  rapid  and  simple  refueling  without 
infrastructure  by  imposing  the  constraint  of  maintaining  reaction 
products  as  pumpable  fluids.  This  constraint  determines  the  size  of 
K2  and  K4. 

The  manufacturing  cost  of  the  battery  depends  strongly  on 
the  cost  of  the  air  electrode  and  its  plastic  holder  (-  $120/m2  for  lots 
of  500,000  m2)  and  the  rated  power  of  the  cell  (5  kW/m2).  An 
assembled  system  will  cost  wholesale  about  $50/kW-rated  power  + 
$2/kWh  nameplate  capacity,  when  the  costs  of  auxiliaries,  assembly 
labor,  materials  and  markups  are  counted. 
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Problems  and  Discussion 

The  limiting  aspects  of  this  technology  are  ( 1)  air  electrode 
life,  a  function  of  duty  cycle;  (2)  limiting  electrolyte  capacity 
(Ah/liter)  for  maintaining  fluidity  of  discharge  products;  (3) 
tolerance  of  air/electrolyte  seals  and  junctions  to  mechanical  fatigue 
and  chemical  attack;  and  (4)  polarization  of  the  air-electrode  (which 
limits  surface  power  density). 

Air  electrode  life  is  greatest  under  conditions  of  fixed-rate 
discharge  at  2-3  kA/m^  and  moderate  temperatures  (55-65  °C); 
under  these  conditions,  operation  without  failure  for  12,()(X)  hours 
have  been  achieved  in  similar  alkaline  electrolytes.^  Cycling  to  high 
power  levels  and  long  periods  on  standby  reduce  life.  Electrolyte 
loading  capacities  of  250  Ah/liter  limit  energy  densities  to  about  200 
Wh/kg;  this  is  sufficient  for  many  applications.  The  use  of  hoppers 
minimizes  stress  on  the  air  electrode  and  air/liquid  barriers  compared 
with  other  designs.  The  rate  of  fatigue  failure  of  the  seals  resulting 
from  pressure  fluctuations  and  vibrations  has  not  been  determined, 
but  it  is  likely  to  be  controlling.  Because  of  the  moderate  surface 
power  density  of  Zn/air  (5  kW/m^),  the  desire  to  minimize  air 
electrode  area  to  minimize  cost,  and  the  favorable  operating  lifetimes 
achieved  with  low  fixed  discharge  rates,  some  applications  will 
benefit  from  hybridization  with  a  high  power  device  (supercapacitor 
or  high-rate  battery)  to  provide  for  peak  power  excursions  and 
electrical  regeneration. 

Conclusions 

When  both  anode  and  cathode  reactants  are  fluids  which  are 
readily  transferred  on  demand  into  the  cell,  electrode  morphology 
and  shape  change  no  longer  determine  life-cycle  cost  and  the  high 
surface/volume  ratio  of  the  anode  particles  decreases  polarization 
losses.  We  believe  we  have  solved  a  fundamental  problem  of 
stationary  particle  bed  anodes  by  providing  a  configuration  of  low 
hydraulic  resistance  in  the  steady-state,  through  the  formation  of 
particle  bridges  and  gaps  between  closely-spaced  and  tapered  walls. 

Electrolyte  forced  convection,  necessary  for  mass  transport  and  for 
effective  thermal  control,  may  be  achieved  with  only  a  trivial 
parasitic  power  loss. 

The  use  of  hoppers  to  receive  and  store  zinc  particles  isolates 
the  fragile  interior  of  the  cell  from  feed  stream,  allowing  high 
transfer  rates  without  fear  of  damaging  the  cell.  The  hoppers  also 
allow  partial  recharge,  cell  equalization,  and  can  be  modified  for 
refueling  under  load  without  danger  of  shorting. 

The  value  of  this  technology  derives  from  two  unique 
attributes.  (1)  The  cost  of  the  battery  (per  rated  power  and  especially 
per  nameplate  capacity)  is  very  low  compared  with  existing  or 
projected  secondary  or  reconstructable  batteries.  (2)  The  ability  to  be 
rapidly  refueled  by  zinc  recovered  by  the  owner  in  a  simple  process 
obviates  the  need  for  commercial  recycling  infrastructure. _ 


Figure  4.  Particles  (1-mm  x  1  mm)  form  bridges  in  stationary  beds 
up  to  5  mm  thick.  Shown  here  is  a  mature  bed  segment  in  a 
1000  cm2  (-ell  (horizontal  field  of  view.  45  mm). 


Current  density,  l(A/m2 

Figure  5.  Polarization  curves  from  the  discharge  of  SO-cm^  cells 
were  recorded  at  successive  stages  of  electrolyte 
exhaustion:  (a)  36-,  (b)  54-  and  (c)  126  Ah/liter  at  65  °C. 


Figure  3.  A  steady-state  network  of  bridges  and  gaps  allow  flow  with  negligible  hydraulic  resistance.  Shown  here  is  a  30  cm  x  20  cm  cell 

after  15  hours  of  operation  (left);  0.1  mm  fines  are  entrained  by  the  electrolyte  and  collect  and  discharge  at  the  top  of  the  bed  (right). 
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Inirnrtiiciiftn 

The  flrst  aluminum-air  reserve  power  unit  (RPU)  was 
developed  at  the  request  of  British  Telecom  (BT)  who  required  a 
conqtact  standby  power  unit  that  would  fit  in  their  System  X  equipment 
rack  and  provide  an  output  of  500  W  for  48  hours.  This  unit  was 
developed  in  Alcan's  Kingston  research  center  and  was  tested  at  BTs 
test  facility  in  the  UK  widiin  six  months  >.  The  prototype  unit  satisfied 
the  BT  requirement  and  had  an  energy  density  of  over  300  Wh^g  and 
a  three  year  development  program  was  then  started  with  BT.  During 
this  development  period  the  BT  requirement  changed  progressively  to 
1200  W  for  48  hours  and  eventually  to  6000  W  for  5  days.  Although  a 
1200  W  system,  which  was  essentially  the  smaller  unit  with  a  double 
stack  of  cells  and  a  larger  electrolyte  reservoir,  was  developed  and 
tested,  the  final  requirement  was  beyond  the  economic  feasibility  of  an 
aluminum-air  RPU  compared  to  a  diesel  generator. 

The  development  of  the  RPU  in  Europe  has  then  focused  on 
an  application  for  Fiance  Telecom  (FT)  whose  requirement  was  500  W 
for  100  hours  for  reserve  power  for  a  new  rural  exchange  network. 
The  FT  test  program  which  began  in  1989  should  be  completed  later 
this  year  and  field  deployment  should  begin  this  year.  A  similar 
program  is  underway  with  the  Italian  telecom  company  SIP  who  are 
presently  field  testing  two  1200  W  units. 

More  recently  the  cellular  network  and  cable  network  compa¬ 
nies  in  the  UK  represented  by  Mercury  Onc-2-One  and  NYNEX  have 
been  evaluating  the  aluminum-air  RPU  as  a  compact  source  of  quiet 
reserve  power  to  provide  extended  protection  against  power  outages. 
A  unit  d^loyed  Mercury  in  a  live  site  at  an  inqxirtant  network  node 
supported  a  loss  of  power  for  over  35  hours  which  was  the  first 
operating  site  discharge  of  a  RPU. 

In  North  Anwrica  and  Japan  the  reserve  power  requirement 
tends  to  be  higher  than  in  Europe  which  has  led  to  the  development  of  a 
6  kW,  12  hour  unit  based  on  the  use  of  a  larger  electrode  area  cell 
design.  This  unit  is  at  the  final  prototype  test  stege  and  is  undergoing 
customer  evaluation  for  a  range  of  telecom  standby  power  applications 
from  central  offices  to  controlled  environiiKnt  vaults  (CEVs). 
NYNEX,  however,  have  strong  interest  in  the  1200  W  unit  modified  to 
fit  a  standard  Lineage  2000  equipment  rack  in  the  same  ^ace  that  could 
be  occupied  by  a  330  Ah  lead-acid  battery.  They  are  at  the  stage  of 
starting  field  trials. 

The  piqrer  will  present  the  basic  technology  of  the  aluminum-air 
RPU  and  will  then  detail  the  user  experience  that  has  been  made 
available  for  publication  and  demonstrates  particular  features  of  RPU 
operation. 

The  development  of  the  aluminum-air  RPU  has  been  described 
in  publications  presented  at  specialized  Telecom  power  conferences  aixl 
have  also  developed  the  economic  argument  for  the  use  of  this  system 
congrared  to  lead-acid  batteries  or  diesel  generators'-^-  The  purpose  of 
the  present  paper  is  to  bring  the  aluminum-air  RPU  to  a  wider  power 
source  audience. 


COreTechnoloyv 

The  aluminum-air  RPU  dqrends  on  the  use  of  aluminum  as  a 
compact  energy  storage  medium.  For  the  power  source  to  be 
successful  aluminum  anodes  must  be  supplied  at  low  cost  whilst 
providing  the  highest  possible  coulomlw  efficiency  and  the  minimum 
open  circuit  corrosion  rate^.  This  is  essential  to  minimize  heat  and 
hydrogen  production  during  discharge  and  to  ensure  re-start  of  a 
partially  discharged  cell  stack.  All  RPU  power  sources  use  an 
aluminum  alloy  anode,  known  as  EB,  which  contains  low  level 
additions  of  tin  and  magnesium  and  is  used  with  a  low  level  of  tin 
dissolved  in  the  power  source  dectrolylB  to  maximize  anode  efficiency. 
The  aluminum  anode  and  the  electrolyte  are  replaced  after  each 
complete  system  discharge  or  when  the  capacity  of  the  system  after 
partial  use  is  less  than  the  minimum  specified  reserve  time. 

The  cathodic  reactant  is  oxygen  which  is  supplied  fiom  the 
ambient  air  through  a  carbon  based  catalytic  membrane.  Such 
electrodes  are  widely  available  but  are  not  made  by  a  continuous 
production  technique  as  employed  by  Alupower  to  minimize  produc¬ 
tion  costs  10.  The  critical  cathode  issue  for  use  in  a  RPU  system 
concerns  re-use  as  at  least  three  complete  cell  discharges  are  required, 
using  new  anodes  each  time,  to  minimize  the  cost  of  system  re¬ 
fuelling.  The  RPU  cell  uses  a  laminated  cathode  of  active  carbon 
catalyzed  with  silver  which  shows  a  low  level  of  polarization  at  current 
densities  up  to  160  mA/cm^. 

Initially,  the  electrolyte  used  was  4.5M  KOH  which  allowed 
precipitation  of  the  aluminum  hydroxide  reaction  product  to  occur 
which  maximized  energy  density  as  electrolyte  capacity  was  of  the 
order  of  1000  Ah/1.  However  jmeipitation  of  the  reaction  product  was 
difficult  to  control  with  the  required  reliability  so  the  electrolyte 
strength  was  increased  to  8M  KOH  to  maximize  dissolved  aluminum 
solubility  to  prevent  any  solid  product  forming  even  when  the 
aluminum  anode  was  fully  discharged.  This  electrolyte  has  a  aqracity 
of  500  Ah/liter  so  twice  the  volume  of  electrolyte  is  required  for  the 
same  power  source  capacity  as  before.  Solids-ftee  operation  provides 
the  essential  system  reliability  and  simplifies  the  re-fuelling  and 
refurbishment  operation. 


Figure  1 .  Schematic  drawing  of  the  AL-600  reserve  power  unit 
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The  main  components  of  an  aluminum-air  RPU  are  shown  in 
Figure  1  which  is  a  schematic  of  the  AL-600  unit  The  cell  stack  is  a 
bank  of  twelve  twin  cells  connected  to  a  manifold  with  connections  for 
electrolyte  flow.  The  electrolyte  reservoir  holds  the  8M  KOH 
electrolyte  which  is  pumped  into  the  cell  stack  to  activate  discharge  and 
is  returned  to  the  reservoir  when  the  system  is  deactivated.  The  system 
is  also  provided  with  an  air  blower  to  supply  air  to  the  cathodes,  a  heat 
exchanger  and  fans  to  control  electrolyte  temperature  to  a  maximum  of 
67°C,  an  electrolyte  pun^  and  a  controller  which  can  be  cither  mounted 
on  the  front  panel  of  die  unit  or  positioned  as  a  separate  rack-mounted 
unit.  The  control  unit  monitors  and  controls  all  RPLT  operations  and 
has  an  RS232  data  port  for  external  communications.  The  AL-1200 
unit  uses  the  same  twin  cells  but  has  a  second  bank  of  cells  positioned 
over  a  larger  electrolyte  reservoir,  the  48  cells  of  this  unit  can  be 
connected  either  in  series  to  provide  a  nominal  48  V  or  as  banks  of  24 
cells  in  series  connected  in  two  parallel  stacks  to  provide  a  nominal  24 
V.  The  AL-6000  unit  has  a  larger  cell  with  an  electrode  area  of  1000 
cm2  compared  to  340  cm2  for  each  cell  of  the  twin  cell.  This  umt  can 
also  be  configured  as  a  AL-3000  unit  using  a  smaller  heat  exchanger. 
The  discharge  performance  of  the  four  units  as  a  function  of  output 
power  is  shown  in  Figure  2. 


Rgure  2.  Discharge  duration  as  a  function  of  power  level 

The  RPU  is  deployed  as  part  of  a  reserve  power  system  with 
lead-acid  batteries  to  respond  to  the  initial  loss  of  external  power.  The 
lead-acid  battery  is  siz^  to  cover  the  majority  of  power  breaks  and 
usually  has  capacity  for  1-S  hours  of  discharge.  The  RPU  is  only 
activated  during  extended  power  outages  on  a  low  voltage  signal  from 
the  lead-acid  battery  which  also  provides  the  inidal  power  to  activate 
the  RPU.  The  RPU  may  be  connected  directly  in  parallel  with  the  lead- 
acid  bntteiy  or  can  be  interfaced  through  a  DCTDC  converter  to  the  load 
equipment 

System  Evaluation 

Discharge  Duration 

A  deliberately  instigated  discharge  of  a  modified  AL-1200  RPU 
by  NYNEX  in  New  York  is  shown  in  Figure  3(a)-(c).  The  RPU  was 
connected  in  parallel  with  an  AT&T,24X,VR300E  lead-acid  battery 
which  was  discharged  from  a  fully  charged  S4.5  down  to  44  V  which 
activated  the  RPU.  As  can  be  seen  from  the  current/time  curves  in 


Figure  3(a)  the  RPU,  which  had  44  rather  than  48  cells  to  jnovide  a 
better  voltage  match  with  the  lead-acid  batteries. 


Figure  3(a).  Cumnt/time  discharge  of  the  44-celI  AL-1200  RPU 
showing  both  RPU  and  lead-acid  currents. 


Figure  3(b).  System  voltage  during  the  discharge  of  the  AL-1200 
RPU. 


Figure  3(c).  Electrolyte  reservoir  (sump)  and  ambient  temperature 
during  the  AL-1200  RPU  dischaige. 


supported  both  the  load  current  and  recharged  the  lead-acid  batteries  for 
thirty  hours  after  which  time  the  load  was  supported  by  both  the  RPU 
and  the  recharged  lead-acid  batteries  until  the  RPU  had  provided  a  total 
of  52.5  kWh.  This  is  equivalent  to  57.3  kWh  from  a  48  cell  AL-1200 
unit  which  is  very  close  to  the  nominal  rating  at  1200W  of  48  hours 
discharge  which  is  57.6  kWh  as  shown  in  Figure  2.  System  voltage 
was  at  all  times  between  44  and  49.SV  which  was  within  the  required 
voltage  window  set  by  NYNEX  as  shown  in  Figure  3(b).  The 
maximum  electrolyte  temperature  when  the  RPU  was  at  maximum 
power  was  67°C.  The  ambient  temperature  varied  frxim  30  to  35°C 
during  the  52  hour  discharge  as  shown  in  Figure  3(c). 
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An  AL-1200  unit  was  supplied  to  Mercury  One-2-One  on  a 
three  month  trial  basis  as  part  of  a  reserve  power  system  for  an 
important  transmission  high  site  of  their  cellular  network.  Within  one 
week  of  installation  the  unit  operated  for  7  hours  after  the  lead  acid 
batteries  were  discharged.  On  its  second  operation,  two  weeks  later, 
the  unit  ran  for  a  further  35  hours  and  in  total  provided  59.7  kWh 
which  is  1 136  Ah/cell.  The  unit  was  regenerated  with  new  anodes  and 
by  electrolyte  replacement  aixl  was  again  called  into  operation  one 
week  later  for  2  hours.  The  unit  has  now  been  stored  for  a  further  7 
months  on  active  standby  since  this  activation  and  shut  down. 

Cell  Re-use 

In-house  testing  has  shown  that  under  release  test  conditions  of 
a  48  hour  discharge  at  80  mA/cm^  of  a  cell  from  either  the  AL-600  or 
AL-1200  RPU  that  the  cell  voltage  decays  from  an  average  initial  value 
of  1.35V  down  to  1.16V  at  the  end  of  discharge.  Most  of  this  decay  in 
cell  voltage  is  due  to  increased  cell  gap  as  the  aiKxle  is  consumed  and  a 
loss  of  electrolyte  conductivity  as  it  becomes  more  and  more  saturated 
with  dissolved  aluminate.  Washing  of  the  cathode  and  re-use  restores 
performance  to  1.34V  which  decays  down  to  1. 15V  after  a  second  48 
hour  cell  discharge.  Similarly  runs  three  and  four  decay  from  1.33V 
down  to  1.14V  and  1.30V  down  to  I.IOV  respectively.  On  the  fifth 
run  the  performance  of  the  cathode  is  marginal  as  the  cell  voltage 
decays  from  1.23V  down  to  l.OOV  which  is  the  minimum  acceptable 
voltage.  This  data  shows  that  at  least  three  cell  re-uses  are  possible 
using  the  sariK  cathode. 

Similar  testing  of  repeated  discharge  of  the  larger  cell  for  the 
AL-6000  unit  has  shown  that  after  three  twelve  hour  discharge  cycles 
at  a  constant  current  of  125  A  using  new  anodes  and  electrolyte  each 
tiitK  then  the  loss  of  cathode  potential  is  less  than  SO  mV/discharge. 
On  the  fourth  cycle  the  cell  reached  1.00  V  after  nine  hours  of 
discharge. 

Re  start  Capability 

Time  to  full  power  depends  on  the  temperature  of  the  electro 
lyte,  the  characteristics  of  the  DC/DC  converter  (if  fitted),  the  capacity 
and  state  of  discharge  of  the  lead-acid  batteries  and  the  discharge  and 
storage  history  of  the  RPU  cells.  At  temperatures  of  IS^C  and  above 
full  power  is  achieved  in  10-30  minutes  for  a  unit  with  new  cells  and 
electrolyte.  The  spread  is  due  to  the  variation  in  lead-acid  battery 
requirements  which  changes  the  nutximum  load  needed  from  the  RPU. 
Below  15°C  the  time  to  full  power  increases  progressively  as  the 
electrolyte  temperature  falls  and  it  is  advisable  to  fit  a  low  power 
electrolyte  heater  pad  which  maintains  the  electrolyte  temperature  above 
15'’C. 

In  addition  to  our  own  studies  of  re-start  capability  both  Ontario 
Hydro  and  France  Telecom  have  subjected  RPUs  to  repeated  re-start 
tests.  FT  started  and  ran  an  AL-600  unit  for  three  hours,  then  left  the 
unit  in  standby  mode  for  three  weeks  and  achieved  a  total  of  14  re¬ 
starts  using  this  operational  cycle.  Loss  of  re-start  capability  was  due 
to  the  high  level  of  dissolved  aluminate  which  reduces  electrolyte 
conductivity  and  limits  re-start  capability  to  the  point  where  the  unit  has 
been  50-60  %  discharged.  This  can  be  improved  by  increasing  the 
volume  of  electrolyte  available  to  reduce  the  aluminate  concentration. 
Re-start  becomes  ^fficult  once  an  electrolyte  capacity  of  240  Ah/1  has 
been  reached  which  is  nearly  half  the  maximum  solids  free  capacity  of 
500  Ah/1. 


Ontarit  '  lydro  ran  a  series  of  repeated  discharges  of  an  AL-600 
unit  over  a  test  period  of  seven  months  in  1992.  The  unit  was  started 
with  eleciiolyie  temperatures  in  the  range  20-50°C  depending  on  both 
the  ambient  temperature  and  the  time  between  discharges  as  the 
electrolyte  remains  warm  for  several  hours  after  discharge  and  the  time 
to  achieve  600  W  output  power  was  noted.  The  unit  was  then 
discharged  at  600  W  for  times  up  to  three  hours.  Satisfactory  re-start 
was  achieved  twelve  times  up  to  40  %  discharge  when  the  unit  took 
more  than  2.5  hours  to  teach  600  W.  Further  restarts  were  then 
achieved  with  new  aiKides  and  new  electrolyte. 

Figures  4(a)  and  4(b)  show  the  consecutive  discharge  of  an  AL- 
600  unit  with  six  days  of  standby  between  each  discharge.  The  first 
five  discharges  are  shown  in  Figure  4(a)  which  show  that  the  time  to 
teach  an  output  level  of  500  W  increases  progressively  as  the  total  time 
of  discharge  accumulates.  On  the  fifth  run  the  unit  was  unable  to 
provide  a  re-charge  of  the  lead-acid  battery  before  its  voltage  had 
declined  to  a  minimum  pre-set  level.  Renewal  of  the  electrolyte  as 
shown  in  Figure  4(b)  restored  start-up  performance  for  the  sixth 
discharge. 


Figure  4(a).  Consecutive  discharges  of  an  AL-600  RPU  with  6 
days  storage  between  discharges. 


Figure  4(b).  Discharge  of  the  AL-600  RPU  after  electrolyte  renewal 
Extended  Standby 

Although  a  newly  installed  RPU  in  the  un-activated  condition 
has  a  virtually  unlimited  shelf  life  as  neither  the  anode  nor  the  cathode 
degrade  and  carbonation  of  the  electrolyte  is  insignificant  the  issue  is 
how  long  a  unit  can  remain  on  standby  after  activation  and  still  be 
capable  of  effective  re-start  and  further  discharge. 
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To  examine  this,  at  the  cell  level,  cells  were  put  through  a 
simulated  start  up  and  lead-acid  battery  re-charge  and  then  stored  them 
over  baths  of  electrolyte  for  10  days  at  60°C  after  which  time  they  were 
discharged  again  and  then  stored  for  a  further  23  days.  After  this 
discharge  the  cells  were  stored  for  a  further  63  days  at  60°C  and  re¬ 
tested.  The  time  to  reach  a  power  level  of  43  W/cell  which  is 
equivalent  to  a  high  power  level  of  2160  W  for  a  AL-1200  unit 
extended  progressively  from  l.S  hours,  to  2  hours,  to  2.3  hours  and 
finally  to  3  hours.  Even  after  repeated  discharge  and  a  total  storage 
time  of  96  days  at  60°C  these  results  show  that  the  RPU  in  tandem  with 
a  lead-acid  battery  can  still  activate  and  support  an  external  load  and 
provide  extended  duration  support  for  telecoms. 

RPU  Performance 


Summary 

The  aluminum-air  RPU  has  been  in  development  since  1986  as 
an  extended  duration  standby  power  source  for  ai^lications  in  telecom 
networks.  The  power  range  of  units  developed  to  date  has  been  from 
200W  to  6000W  and  discharge  times  are  from  12  to  over  100  hours 
depending  on  the  particular  unit  and  the  power  level. 

Extensive  user  evaluation  has  been  completed  both  by 
established  major  telecom  companies  and  by  emerging  cellular  network 
con^anies.  These  evaluations  have  substantiated  discharge  duration 
times  and  have  confirmed  that  multiple  restart  is  possible  up  to 
electrolyte  capacities  of  240  Ah/I.  Extended  standi^  life  after  activation 
lodes  promising  from  accelerated  testing  of  single  cells. 


The  volumetric  and  gravimetric  energy  and  power  densities  of 
the  AL-600,  which  has  a  volume  of  209  1  and  weighs  160  kg,  are 
shown  in  Table  1(a)  as  a  function  of  output  power  level.  At  low 
powers  of  operation  the  hotel  loads  are  a  significant  proportion  of  the 
net  power  and  hence  energy  density  is  reduced.  Reduced  energy 
density  at  the  higher  power  levels  is  due  to  electrode  polarization  as  the 
current  density  increases.  The  AL-1200  has  slightly  higher  energy  and 
power  densities  as  the  AL-600  at  twice  the  output  power  level  in  each 
case.  This  is  because  the  AL-600  has  a  60  1  electrolyte  reservoir 
whereas  the  present  AL-1200  has  a  100  1  electrolyte  reservoir.  The 
energy  and  power  density  figures  for  the  AL-6000  RPU,  which  has  a 
volume  of  626 1  and  a  weight  of  440  kg  when  filled  with  electrolyte, 
are  shown  in  Table  1(b). 
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Table  1(a).  Energy  and  power  density  as  a  function  of  output 
power  for  the  AL-600  RPU 
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3.2 
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3000 

4.8 

144 

6.8 

205 

6000 

9.5 
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13.6 
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Table  1(b).  Energy  and  power  density  as  a  function  of  output 
power  for  the  AL-6000  RPU 


The  present  solids  free  RPU  design  has  an  energy  density  of 
the  order  of  160-200  Wh/kg  over  most  of  its  operational  range. 

The  first  unit  activated  on  a  live  site  as  part  of  a  cellular  network 
provided  the  expected  level  of  standby  power  integrated  over  two 
separate  discharge  events.  Field  demonstrations  are  in  progress  with 
several  major  telecom  companies  in  North  America,  Europe  and  Japan. 
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Introduction 

Thermophotovoltaics  (TPV)  is  the  direct  energy  conversion 
process  where  a  primary  energy  source  (chemical  flame,  nuclear 
reactor,  concentrated  solar  energy,  etc.)  is  used  to  elevate  a 
radiating  structure  to  incandescent  temperatures.  The  radiant 
energy  is  collected  on  an  array  of  semiconductor  photoconverters 
which  transforms  the  incident  radiation  directly  into  electrical  power. 
When  this  process  was  invented'  about  thirty  years  ago,  most  of  the 
early  developers”  of  this  technology  utilized  black-  (or  gray)  bodies 
as  the  radiant  source.  Since  conventional  photovoltaic  converters 
are  responsive  efficiently  only  over  a  narrow  bandwidth  interval, 
these  early  investigators  attempted  to  reflect  nonphotoconvertible 
(mostly  long  wavelength)  radiation  back  to  the  source  with 
interference  filters  or  other  means  in  an  attempt  to  enhance  the 
conversion  efficiency  of  the  TPV  process.  Various  losses  including 
filter  absorption,  view  factor  considerations,  and  reabsorption 
problems  at  the  emitter  combined  to  cause  a  search  for  selective 
emitters  which  did  not  require  these  kinds  of  filtering  mechanisms. 

Selective  Emitters 

In  the  1970's,  investigators  at  the  U.S.  Army  Fort  Monmouth 
Laboratory  determined  that  the  rare  earth  oxides  provided  a  potentiai 
source  of  selective  emitters  for  TPV  applications.  The  rare  earth 
elerrents  are  unique  among  the  stable  elements  insofar  as  they 
appear  to  be  chemically  similar.  That  is,  they  have  the  same  number 
of  valence  electrons  (3),  but  all,  of  course,  have  different  atomic 
numbers.  This  set  of  conditions  can  be  satisfied  only  if  electronic 
vacancies  exist  in  the  inner  electron  shells.  These  vacancies  permit 
electronic  transitions  that  energetically  fall  into  the  visible  and  near 
IR  portions  of  the  electromagnetic  spectrum.  In  addition,  all  the  rare 
earth  elements  form  stable  oxides  that  are  refractory  with  about  the 
same  melting  point  (about  2600’’C).  Guazzoni”  was  the  first 
investigator  to  report  the  high  temperature  emittance  of  selected  rare 
earth  oxides,  and  he  identified  ytterbia  and  erbia  as  important  TPV 
candidate  emitters  to  illuminate  elemental  silicon  and  germanium 
photoconverters,  respectively. 

Guazzoni  and  coworkers  attempted  to  fabricate  practical 
monolithic  emitters  out  of  erbia  by  employing  conventional  ceramic 
fabrication  processes  such  as  slip  casting  as  well  as  pressing  and 
sintering,  ^cause  of  thermal  stress  fracturing,  these  emitters  were 
incapable  of  surviving  thermal  cycles  in  excess  of  1000°C.* 
Guazzoni  and  coworkers  developed  a  composite  emitter  structure 
comprised  of  a  core  material,  silicon  carbide,  which  was  cap^^le  of 
surviving  thermal  cycling  to  higher  temperatures,  and  a  thin  coating 
of  erbia  deposited  over  the  silicon  carbide.  Since  a  thin  coating  of 
erbia  is  transparent  (diathermous)  in  the  infrared  except  for  narrow 
band  opaqueness  arising  from  the  electronic  transition  mechanism, 
Guazzoni's  composite  emitter  resembled  a  gray  body  emitter  arising 
from  the  properties  of  the  silicon  carbide  core  with  superimposed 
emissions  arising  from  the  rare  earth  electronic  transitions  peculiar 
to  erbia  (a  dominant  emission  at  1 .55  pm  in  the  IR  and  a  smaller 
monochromatic  green  emission  at  530  nm  in  the  visible).  These 
composite  emitters  were  capable  of  reaching  the  temperatures 
necessary  for  TPV  service,  but  the  substantial  amount  of  broadband 
emission  was  not  a  significant  improvement  over  the  earlier  gray 
body  emitters. 


Fibrous  Emitters 

During  the  1 980's,  high  performance  emitter  development  was 
carried  out  at  The  Gillette  Company.  Gillette  was  interested  in  fossil 
fuel  powered  emitters  that  general  raciant  ou|>ut  in  the  visUs  and 
near  IR.  This  work,  in  addition,  was  devoted  exclusively  to  fibrous 
refractory  oxide  ceramic  emitters.  Small  diameter  (10  pm  diameter) 
fibers  were  chosen  as  the  emissive  medium  because  fibrous 
structures  have  several  advantages  over  monolithic  ceramic 
emitters.  First,  a  small  diameter  fiber  survives  thermal  stress 
because  no  appreciable  thermal  stresses  are  built  up  in  the  small 
diametral  dimension.  Thermal  stress  built  up  along  the  axis  of  the 
fiber  is  relieved  by  a  flexing  of  the  fiber.  Furthermore,  the  fibrous 
network  couples  well  to  the  flame's  combustion  products.  In  fact,  the 
1 0  pm  fibers  are  in  approximate  thermal  equilibrium  with  the 
combustion  gases,  where  fiber  temperatures  ranging  from  1500  to 
1 700°C  are  possible  with  conventional  fossil  fuel  (gasoline,  diesel 
fuel,  propark),  natural  gas,  etc.)  flames.  In  addition,  a  small  diameter 
fiber  allows  some  control  of  unwanted  (or  broad  band)  emission. 
Most  oxide  ceramics  have  a  high  temperature  gray  body  emittance 
from  0.2  to  0.4  over  the  spectral  region  of  interest  to  us,  0.5  to  5  pm. 
This  leads  to  substantial  broadband  emission  in  conventional 
monolithic  emitters.  When  the  ceramic  emitter  is  composed  of  small 
diameter  fibers,  this  optically  thin  structure  does  not  generate 
appreciable  gray  body  emission.  Fiber  dimensions,  however,  cannot 
be  reduced  to  arbitrarily  small  sizes  because  the  desirable  emission 
from  the  selective  electronic  transitions  in  certain  rare  earths  will  be 
affected.  Finally,  the  small  diameter  fibers  exhibit  a  rapid  thermal 
response  time.  With  the  high  thermal  transfer  coefficient  and  low 
heat  capacity  of  the  small  volume  fibers,  a  thermal  response  time  of 
20  milliseconds  has  been  experimentally  determined^  for  fibrous 
emitter  structures  similar  to  ours.  This  ra^  thermal  response  time 
has  desirable  implications.  Emitters  can  be  brought  up  to  operating 
temperatures  quickly,  and  load  following  or  power  regulation  is 
practical  in  TPV  energy  conversion  systems. 


A  filamentary  network  of  small  diameter  fibers  is,  in  fact,  a 
common  emitter  structure  inasmuch  as  the  Welsbach  gas  lighting 
mantle*  is  well  known  and  the  most  efficient  converter  of  the  heat  of 
gas  combustion  into  luminous  output.  The  unique  material 
composition  (99.3%  by  weight  of  thoria  and  0.7%  by  weight  of  ceria) 
of  the  Welsbach  mantle  exhibits  in  fibrous  form  an  unusual  spectral 
emittance”  that  is  veiy  high  in  the  vistole  and  very  low  in  the  near  IR. 
The  Welsbach  mantle  exhibits  also  a  significant  detriment,  and  for 
those  who  use  camping  lanterns  with  mantles,  the  fragility  of  these 
delicate  light  emitters  is  an  obvious  problem.  Generally  speaking, 
ceramic  fibers  fracture  because  they  contain  flaws  which  originate 
during  the  fabrication  process  and  which  act  as  stress  raisers  that 
cause  flaws  or  cracks  to  propagate  and  result  in  fiber  failure  far 
below  the  ceramic's  intrinsic  tensile  limit. 


'This  work  has  been  supported  by  the  Basic  Research  Group 
of  the  Gas  Research  Institute,  Chicago,  Illinois. 
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We  have  developed  a  fiber  fabrication  process'  that  greatly 
reduces  the  density  and  severity  of  these  flaws  to  increase 
substantiaNy  the  mechanical  impact  resistance  of  these  devices.  We 
employ  a  specialized  cellulosic  support  process  to  fabricate  the 
mantle.  We  begin  with  a  textile  precursor  in  the  form  of  a  closed  end 
cylinder  that  is  knitted,  woven,  or  braided  out  of  rayon  yarn.  The 
textile  precursor  is  impregnated  with  aqueous  salt  solutions  of  the 
metals  of  interest.  The  treated  rayon  is  subsequently  thermally 
processed  to  (1)  convert  the  metal  salt  to  the  desir^  refractory  oxide 
and  to  (2)  pyrolyze  away  the  rayon  precursor  to  yield  the  final 
product  composed  of  refractory  cereimic.  The  final  product  has  the 
morphology  of  the  precursor  but  with  greatly  reduced  final 
dimensions.  Uncontrolled  pyrolysis  such  as  the  simple  burning  of 
the  impregnated  rayon  precursor  generates  large  volumes  of 
decomposition  gas  in  the  interior  of  the  rayon  filament.  Large  rifts 
occur  in  the  rayon  as  the  gases  escape.  These  rifts  may  be  so  large 
that  they  do  not  heal  or  sinter  during  finai  processing.  Our  process 
begins  with  a  thermal  treatment  to  facilitate  the  escape  of  these 
gases,  and  our  process  carefully  controls  the  pyrolysis  step  to  permit 
the  orderly  decomposition  of  the  precursor.  With  our  procedure,  an 
improvement  in  impact  resistance  that  is  about  two  orders  of 
magnitude  improvement  over  conventionally  processed  devices  is 
possible. 

Mechanical  Impact  Strength 

Even  though  mantle  emitters  of  enhanced  mechanical  strength 
are  possible  with  the  aforementioned  specialized  processing,  the 
mantle  geometry  still  has  shortcomings.  We  have  performed  a 
simplified  mechanical  analysis  of  the  mantle  geometry  by  evaluating 
the  maximum  stresses  developed  in  the  mantle  fibers  at  the 
attachment  point  when  the  mantle  is  subject  to  inertial  forces. 
A  cantilevered  hollow  beam  analogue  has  been  chosen  to  represent 
the  mantle.  The  maximum  bending  stress  S„  turns  out  to  be 

S^pa  =  L^'/D 

where  L  is  the  mantle's  length  (from  the  attachment  plane  to  the  free 
end)  and  D  is  the  mantle's  diameter  at  the  attachment  plane,  p  is  the 
density  of  the  mantle  material,  and  'a"  is  the  acceleration  (or 
deceleration)  in,  say,  g's.  In  the  analysis  the  thickness  of  the  mantle 
fabric  drops  out  of  the  formulation  when  it  is  assumed,  realistically, 
that  the  thickness  is  much  less  than  either  mantle  dimension  L  or  D. 
We  have  little  control  of  p  since  the  optical  characteristics  govern  the 
ceramic  choice.  Since  the  stress  per  unit  g  is  proportional  to  L’/D  in 
this  bending  analysis,  some  comments  on  overall  mantle  strength 
can  be  made.  Long  slender  mantles  are  more  vulnerable  to  damage 
than  short,  squat  structures.  Typically,  commercial  mantles  exhibit 
a  mantle  diameter  which  is  approximately  equal  to  the  mantle's 
unsupported  length.  Thus,  a  second  conclusion  may  be  made  which 
is  intuitively  acceptable.  As  the  mantle  size  increases  (L  or  D 
increases),  the  bending  stress  increases  proportionally  with  either 
dimension.  Therefore,  large  mantles  are  more  vulnerable  to  damage 
than  small  mantles.  Caution  must  be  used  here  to  avoid  extending 
the  aforementioned  stress  relationship  to  small  L's  in  order  to  reduce 
bending  stress.  This  is  an  improper  use  of  the  cantilevered  hollow 
beam  model  and  a  drumhead  model  would  be  more  appropriate  for 
L's  substantially  smaller  than  D's. 


SuoDOfted  Continuous  Fiber  Emitter 

For  applications  requiring  largo  emitters,  we  have  pointed  out 
the  vulnerability  of  large  mantles  to  mechanical  damage.  An  array 
of  small  conventional  mantles  may  be  considered  but  this  approach 
generally  involves  complexity,  and  view  factors  are  adversely 
affected.  A  new  construction'  has  been  developed  that  preserves 
the  desirable  properties  of  fibrous  emitters  in  robust  structures  of 
arbitrary  size.  One  embodiment  of  this  novel  construction  is  shown 
in  Figure  1 .  Here  the  optically  active  fibers  are  anchored  to  a  porous 
substrate  called  Celcor  which  is  an  t'xtruded  cordierite  product 
manufactured  by  Corning  as  a  catalytic  support.  An  air/tuel  premix, 
in  the  simplest  embodiment,  is  delivered  to  the  structure  from  the 
plenum  side.  The  flame  front  is  located  in  a  piane  above  the 
substrate  but  within  the  fiber  network  where  a  high  rate  of  thermal 
transfer  from  the  combustion  products  to  the  optically  active  fibers 
takes  place.  The  substrate,  to  first  order,  does  not  participate  in  the 
radiation  process  because  its  temperature  is  far  iower  than  that  of 
the  radiating  fibers.  The  substrate,  therefore,  may  be  chosen  for 
practical  consioerations  such  as  cost,  mechanical  strength,  etc.  and 
other  substrate  characteristics  such  as  thermal  stability,  thermal 
coefficient  of  expansion,  and  optical  properties  cire  unimportant.  The 
substrate,  furthermore,  acts  as  a  fuel/air  delivery  system,  and 
substrate  porosity  is  adjusted  to  provide  flame  stability  (prevention 
of  flashback)  and  to  maximize  the  turn  down  ratio. 

The  structure  of  Figure  1  is  fabricated  by  impregnating  rayon 
yam  with  the  appropriate  molarity  of  an  aqueous  metal  salt  solution. 
The  metal  salt,  of  course,  is  chosen  to  yield  the  ceramic  with  the 
desired  optical  characteristics.  The  treated  yarn  bundles  are 
subsequently  inserted  into  the  Celcor  substrate  as  an  uncut  looped 
pile.  Controlled  thermal  processing  of  the  imbibed  rayon  yarn 
completes  the  conversion  of  the  treated  rayon  precursor  into  the 
desired  durable  fibrous  ceramic. 

Selective  Rare  Earth  Candidates 

Ytterbia  and  erbia  have  already  been  identified  as  emitter 
candidates  for  TPV  applications.  In  fibrous  form,  these  rare  earths 
can  be  very  selective.'"  Normalized  exitances  of  fibrous  (10  pm 
diameter  filaments)  ytterbia  and  erbia  are  shown  in  Figures  2  and  3, 
respectively.  These  emitters  are  powered  by  isobutane/air  flames. 
Ytterbia  has  a  single  emission  at  0.98  pm  with  a  full  width  at  half 
maximum  (FWHM)  of  about  150  nm.  Erbia's  dominant  emission  is 
at  1 .55  pm  with  a  FWHM  that  can  be  as  low  as  65  nm.  There  may 
be  TPV  applications  that  are  powered  by  sources  with  temperatures 
far  lower  than  those  of  chemical  flames.  We  include  a  fibrous  holmia 
example  in  Figure  4  with  a  selective  emission  at  about  2  pm  which 
is  best  powered  by  a  1500  K  thermal  source.  A  number  of  other  rare 
earths  exhibit  selective  emission  with  substantial  radiant  output  in 
the  interval  from  1  to  2.5  pm. 

Conclusion 

Rare  earth  oxides  in  fibrous  form  provide  many  candidate 
emitter  options  that  are  compatible  with  available  photoconverters. 
The  fibers,  which  can  be  fabricated  in  durable  form  and  incorporated 
into  support  structures,  are  refractory  and  stable  in  flame 
environments.  Very  seiective  emission  with  low  off-band  emission 
is  available  for  TPV  applications.  Small  diameter  fiber  emitters 
exhibit  rapid  thermal  response  times  along  with  high  radiation 
efficiencies  and  thermal  stress  resistance. 
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NORMALIZED  EXITANCE  NORMALIZED  EXITANCE 


Figure  1.  Supported  Continuous  Fiber  Emitter. 

Pore  spacing  in  substrate  has  been  exaggerated 
for  darity.  inset  demonstrates  actual  pore/web 
relationship. 


Figure  2.  Normalized  Spectral  Exitance  of  Fibrous  Ytterbia 


TWilM 


Figure  3.  Normalized  Spectral  Exitance  of  Fibrous  Erbia 


Figure  4.  Normalized  Spectral  Exitance  of  Fibrous  Holmia 
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Abstract 


Thermophotovoltaics  is  the  term  applied  to  the 
technique  for  energy  conversion  whereby  the  energy  emitted 
by  an  incandescent  source  is  converted  to  electrical  energy 
by  a  photovoltaic  cell.  The  selective  line  emitters  are  made 
from  oxides  of  the  rare  earths  such  as  erbia.  These  emitters 
are  made  through  a  specialized  series  of  processes  which 
begin  with  nitrates  of  the  rare  earth  and  end  with  rare  earth 
oxide  filaments.  A  spiedal  requirement  for  these  applications 
is  the  need  for  a  robust  large  area  emitter  which  could  take 
the  shock  and  vibration  of  Army  applications.  Conventional 
paper  making  techniques  have  been  used  to  combine 
materials  suitable  as  binders  with  the  radiating  material.  As 
a  result,  this  technique  allows  for  fabrication  of  large  area 
robust  emitters  which  were  heretofore  unobtainable.  These 
radiators  will  be  described  in  some  detail  as  representative 
of  the  process  and  will  be  used  to  illustrate  the 
manufacturing  technology  developed  at  Auburn  University. 
Another  approach  considered  in  our  laboratory  is  to  produce 
a  "modified"  blackbody  emitter  which  can  withstand 
sufficiently  high  temperature  operation  and  produce  a 
significant  amount  of  radiant  energy.  With  this  approach, 
preliminary  estimates  indicate  that  efficiencies  are 
comparable  to  those  which  can  be  obtained  with  selective 
line  emitters. 


Introduction 

All  matter  is  continually  emitting  radiant  energy  as  a 
result  of  the  thermal  vibration  of  the  particles  of  which  it  is 
composed.  By  definition,  a  blackbody  radiator  absorbs  all 
radiant  energy  incident  upon  it  and  emits  the  maximum 
possible  amount  of  flux  per  unit  area  at  any  given 
wavelength  or  wavelength  interval  for  any  body  at  its 
temperature.  All  real  materials  reflect  part  of  the  radiant 
energy  incident  upon  them  and  emit  less  radiant  energy  than 
a  black  body  radiator  at  the  same  temperatvire.  The  radiant 
power  density  from  a  blackbody  is  given  by  the  Stefan- 
Boltzmann  equation  as: 


P  =  OT^  (1) 

where  the  power  density,  P,  is  in  watts /meter^,  the  constant 
a  is  the  Stefan-Boltzman  constant  and  temperature,  T,  is  in 
Kelvin.  For  a  non-blackbody  source,  the  above  equation  is 
modified  by  the  emissivity,  a  factor  between  0  and  1,  which 
describes  the  deviation  from  a  blackbody.  The  spectral  or 
wavelength,  X,  distribution  of  this  flux  is  given  by  the 
Planck  equation  as: 


Pi  =  CiX-5[eC2AT_  i]-i  (2) 

in  which  the  parameter  Pj,  is  the  spectral  emissive  power  per 
meter^  per  meter  wavelength  interval  and  ci  and  C2  are  the 
first  and  second  radiation  constants.  It  is  this  spectrum 


against  which  the  performance  of  selective  line  emitters 
must  be  judged  with  respect  to  spectral  content  and 
efficiency. 

Clearly  the  intensity  at  a  given  wavelength  is  a 
function  of  the  temperature  and  it  is  this  temperature  which 
will  also  determine  the  efficiency  of  selective  line  emitters.  If 
the  short  wavelength  cutoff  for  the  black  body  sp>ectrum  is  at 
a  wavelength  longer  than  that  required  to  excite  a  specific 
line  radiator,  there  will  be  little  or  no  emission  from  the 
sample.  However,  the  intensity  at  a  particular  wavelength  is 
exponential  in  temperature  which  should  result  in  a  strong 
temperature  dependence  for  line  emission.  This  is  in  fact 
what  is  observed.  In  the  experiments  described  below,  the 
experimental  set  up  has  a  limited  capability  for  exploring  the 
temperature  dependence  of  the  emissions. 

It  has  been  shown  theoretically^  that  certain  rare  earth 
oxides  are  capable  of  emitting  as  much  as  70%  of  their  total 
radiated  energy  when  heated  at  high  temperatures  in  a 
single  line  characterized  by  their  electronic  structure.  The 
reason  that  this  is  possible  is  the  unique  electronic  structure 
of  the  rare  earths.  At  short  wavelengths,  in  the  ultraviolet 
region  of  the  spectrum,  the  rare  earth  oxides  tend  to  have  a 
high  emissivity.  Fortimately,  these  modes  are  only  excited 
efficiently  at  extremely  high  temperatures.  On  the  other  end 
of  the  spectrum,  in  the  far  infrared,  similarly,  there  is  little 
energy  emitted  even  though  there  is  a  high  emissivity  for 
these  materials.  For  the  temperatures  contemplated  for 
thermophotovoltaics,  the  emissivity  of  these  materials  is 
effectively  low  except  at  the  line  frequency.  As  a  result,  in 
crystalline  solids  of  these  materials,  the  radiative 
characteristics  of  these  elements  are  narrow  band  emissions, 
rather  than  a  more  broad  band  continuum  superimposed 
upon  a  line  spectrum.  The  rare  earths,  in  oxide  form,  which 
have  received  significant  interest  are  Nd203,  H02O3,  Er203, 
and  Yb203.  Table  1  is  a  listing  of  some  of  the  electronic 
parameters  for  these  selected  rare  earth  elements^. 

The  line  emission  from  these  elements  should  be  at 
the  following  wavelengths  respectively.  Nd  -2.5  microns; 

Table  1 

Radiative  Characteristics  of  Potential  Rare  Earth  Emitters 


Element 

Electronic 

Photon 

Transition 

Energy 

(eV) 

Yb 

1.29 

Er 

^hs/2 

0.83 

Ho 

5/8 

0.62 

Nd 

^/l3/2  ^hl2 

050 

Bandwidth 

Maximum 

Effidency 

Approxi¬ 
mate 
Temp,  at 
Max.  Eff. 

(AEg/Eg) 

(%) 

(K) 

0.18 

70 

3000 

0.05 

55 

2000 

0.10 

72 

1500 

0.15 

55 

1400 
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Ho  -  2.0  microns;  Er  -  1.5  microns  and  Yb  -  0.95  microns. 
Note  that  some  of  these  materials  (Table  1)  approach 
maximum  efficiency  at  temperatures  well  within  the  range 
of  those  already  in  use  in  the  industry.  Further,  Chubb's^ 
theoretical  analysis  indicates  that  the  optimum  geometry  for 
a  radiator  is  in  the  form  of  a  fiber  with  a  thickness  on  the 
order  of,  or  less  than,  the  optical  depth  at  the  line  frequency. 
The  advantage  of  the  thin  fibers  is  in  the  small  optical 
thickness  of  the  fibers.  Small  fibers  effectively  limit  off-band 
absorption  and  emission,  characteristic  of  free  carrier 
absorption  and  lattice  defects.  Guazzoni^  has  measured 
emittances  for  some  of  the  rare  earth  oxides  at  the 
characteristic  wavelength  to  be  in  the  0.4-0.6  range.  This  is 
comparable  to  values  listed  in  the  materials  handbook^  and 
indicates  that  a  substantial  power  density  can  be  radiated 
from  structures  made  from  these  oxide  emitters.  A  typical 
blackbody  like  radiator  has  a  hemispherical  emissivity  on 
the  order  of  0.75.  Until  robust  large  area  samples  of  these 
materials  can  be  fabricated,  it  is  impossible  to  determine  the 
efficiency  of  conversion  from  the  heat  of  combustion  or 
electrical  input  to  line  emission. 

Experimental 

Radiator  Fabrication 

The  fundamental  prerequisite  for  selected  line 
emitters  for  our  application  is  that  they  must  be  strong 
enough  to  survive  in  a  battlefield  scenario.  Furthermore, 
they  must  be  easy  to  fabricate,  capable  of  fabrication  in  any 
geometry,  and  relatively  inexpensive.  The  basic  technology 
used  in  the  fabrication  of  our  emitters  is  covered  by  U.  S. 
Patents  5,080,963 , 5,096,663 ,  and  5,102,745 ,  with  significant 
additions  applicable  to  the  unique  materials  requirements 
placed  on  selected  emitters.  Standard  paper  making 
techniques  are  used.  The  preliminary  form  of  the  radiator 
consists  of  a  suitable  precursor  for  the  rare  earth  oxide, 
cellulose,  and  quartz  fibers  which  have  been  blended  and 
made  into  a  standard  sheet  of  paper.  By  using  this 
technique,  highly  uniform  sheets  C2m  be  made  which  can  be 
molded  into  any  form  while  still  wet.  When  dry,  the  sample 
is  oxidized  to  produce  a  composite  structure.  The  "radiator" 
is  then  annealed  at  a  high  temperature  in  a  reducing 
atmosphere  to  remove  the  cellulose  and  sinterbond  the 
quartz  fibers.  The  sinterbonding  provides  an  excellent  mesh 
which  effectively  holds  the  radiating  material  in  place  as 
well  as  providing  structural  strength.  Quartz  is  ideal  and 
can  be  purchased  in  a  number  of  sizes.  By  varying  the 
constituents,  thick  paper  can  be  made  to  the  point  of  being 
essentially  optically  opaque  over  a  wide  range  of 
wavelengths.  We  have  used  this  technique  to  produce  robust 
radiators  from  erbium,  holmium,  and  neodymium. 

Experimental  Set  Up 

Figure  1  is  a  block  diagram  of  the  experimental 
assembly  used  to  measure  the  emission  from  the  emitter 


Figure  T.  Block  diagram  of  exjjerimental  test  setup  by  flame 
or  electrical  heating. 


surfaces.  We  have  constructed  the  apparatus  to  allow  both  a 
combustion  and  electrical  heat  source.  In  order  to  make 
accurate  efficiency  measurements,  it  would  be  desirable  to 
heat  the  samples  electrically.  In  that  manner,  the  input 
power  to  the  heating  element  must  be  equal  to  the  power 
radiated  from  the  surface  plus  any  losses  due  to  convection 
and  conduction.  For  accurate  measurements,  it  may  be 
necessary  to  conduct  this  experiment  in  a  vacuum  and  with 
long  cylindrical  samples  where  end  effects  would  be 
negligible. 

For  our  test  setup,  we  thermally  heated  the  composite 
emitter  structures  via  a  combustion  flame  source  or  by 
flowing  current  through  a  silicon  carbide  heating  element. 
The  composite  emitters  were  molded  into  a  cylindrical  tube 
shape  in  order  to  maximize  the  thermal  coupling  to  the 
silicon  carbide  heating  element.  The  composite  emitters,  in 
the  form  of  a  tube,  could  also  then  be  plac^  in  the  flow  of  a 
combustion  flame  to  be  thermally  excited.  When  heated,  the 
spectral  content  of  the  composite  emitter  output  was 
determined  by  using  a  Jarrell  Ash  Quarter  Meter  Ebert 
Monochromator  which  contained  a  diffraction  grating  with  a 
295  grooves  per  millimeter  ruling  and  a  2.1  micron  blaze.  A 
thermopile  detector  was  placed  at  the  exit  slit  of  the 
monochromator  to  determine  the  relative  amount  of 
radiation  at  each  wavelength.  A  thermopile  detector  was 
used  because  of  its  uniform  absorption  over  a  wide  range  of 
wavelengths.  The  power  impinging  upon  the  detector  head 
at  each  scanned  wavelength  was  then  logged  using  a  data 
recorder. 

Results  and  Discussion 

The  basic  technique  for  fabricating  unique  composites 
allows  the  construction  of  a  homogeneous,  moldable 
structure  from  components  which  normally  are 
incompatible.  Using  this  technique,  we  have  also  fabricated 
essentially  a  blackbody  mantle  comprised  of  silicon  carbide 
fibers  with  quartz  as  a  binder.  We  were  interested  in  this 
moldable  radiator  structure  because  one  option  for 
thermophotovoltaic  applications  is  to  fabricate  a  tandem 
photovoltaic  cell  which  is  sensitive  to  two  regions  of  the 
spectrum.  This  of  course  places  the  burden  for  efficiency  on 
the  cell  construction.  Conversations  with  solid  state 
physicists  indicate  that  cells  as  high  as  30%  efficiency  could 
be  constructed.  Conversion  from  heat  of  combustion  to 
blackbody  radiation  using  one  of  these  radiators  is  highly 
efficient  with  the  structure  emissivity  approaching  1.  The 
small  size  of  the  fibers  ensures  high  efficiency.  Figure  2 
illustrates  the  emission  spectrum  from  this  sample  along 
with  a  blackbody  spectrum  at  the  same  temperature 
calculated  from  Equation  2.  The  "dip"  in  the  silicon  carbide 
curve  is  due  to  absorption  from  water  vapor  in  the  air. 

The  technique  above  has  also  resulted  in  "mantle" 
structures  containing  rare  earth  oxides  which  are  robust 
enough  to  make  cylindrical  structures  1"  in  diameter  and  6" 
long.  They  are  easily  handled  and  have  survived  dropping 
to  the  floor  in  the  process  of  changing  mantles.  This  is  of 
interest  because  rare  earth  oxides  are  very  brittle  and  fragile 
in  nature  and  cannot  be  used  in  large  area  emitters  without 
the  structural  support  of  some  type  of  reinforcing  material 
such  as  quartz  fibers.  The  strength  is  governed  by  the 
appropriate  heat  treatment  of  the  mantle  and  the  ratio  of  the 
constituents.  For  our  application,  we  feel  that  this  issue  is 
solved  and  strong  mantles  can  be  made  in  most  geometries 
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Figure  2:  Silicon  carbide  composite  emitter  versus 
blackbody  curve  at  same  temperature. 

and  if  necessary  with  surface  areas  of  several  square  feet 
using  our  equipment.  We  have  observed  radiation  from 
mantles  excited  both  electrically  and  with  combustion  heat 
sources.  Figures  3-5  are  a  compilation  of  the  results  of  the 
rare  earth  oxide  composite  emitters  when  heated  with  a 
combustion  flame.  Note  that  for  holmia,  the  peak  to 
background  ratio  is  6:1  and  the  bandwidth  at  half  maximum 
is  400  nanometers.  Also  noteworthy  is  the  fact  that  all  of  the 
composite  emitters  have  line  emissions  corresponding  to  the 
values  listed  in  Table  1  with  significant  peak  to  background 
ratios.  A  wide  bandwidth  may  be  good  for  thermo- 
photovoltaic  applications  from  the  perspective  of  cell  output 
power  design.  Under  certain  circumstances,  it  may  be 
desirable  to  broaden  the  emission  profile  or  to  have  radiation 
at  two  distinct  wavelengths.  The  technique  described  above 
is  readily  adaptable  to  producing  "two  line"  emitters.  Figure 
6  is  the  output  spectrum  of  an  erbia/holmia  composite 
emitter. 

In  an  attempt  to  construct  an  experimental 
arrangement  which  would  allow  accurate  characterization  of 
efficiency,  an  electrically  heated  unit  was  constructed.  The 
silicon  carbide  heating  element  v.  a  powered  by  the 
laboratory  main  through  a  variac  power  controller.  In  this 
manner,  fte  heating  element  should  be  capable  of  achieving 
temperatures  of  1500  K.  Our  first  experiments  with  this 
assembly  have  resulted  in  the  expect^  line  emission  but 
superimposed  upon  the  line  emission  is  a  blackbody  like 
spectrum  which  manages  to  penetrate  the  mantle  and  is 


Figure  3;  Erbia  composite  emitter  heated  with  a  combustion 
flame. 


Wavckaflli  (iiin) 


Figure  4;  Holmia  composite  emitter  heated  with  a 
combustion  flame. 

characteristic  of  the  silicon  carbide  heating  element.  Thicker 
emitter  structures  should  effectively  eliminate  that  problem. 
Figures  7-9  illustrate  the  data  from  erbia,  holmia,  and 
neodymia.  Note  that  a  small  peak  occurs  at  the  predicted 
wavlength  of  the  rare  earth  oxide  but  blackbody  radiation 
penetrates  the  fibrous  mantle  structure  lowering  the  peak  to 
background  ratio. 

One  significant  problem  encountered  during  testing 
was  determining  the  temperature  accurately  at  the  high 
temperatures  required  for  line  emission.  Because  the 
composite  emitters  are  of  a  fibrous  nature,  good  surface 
contact  with  the  oxide  fibers  and  a  thermocouple  junction  is 
virtually  impossible.  Another  possibility  for  temperature 
measurement  is  the  use  of  an  optical  pyrometer.  With  this 
type  of  temperature  measurement,  the  emittance  of  the 
observed  sample  must  be  known.  Unfortunately,  the  very 
nature  of  the  rare  earth  oxides  yields  a  material  with  an 
emittance  that  varies  with  wavelength  and  more  importantly 
temperature.  Therefore,  it  is  impossible  to  accurately 
determine  the  sample  temperature  by  simply  observing  the 
composite  emitter  with  an  optical  pyrometer.  The  sample 
temperature  in  general  was  greater  than  1200  K  for  the  data 
displayed  in  Figures  3-7.  At  present,  other  methods  for 
accurately  determining  the  surface  temperature  of  the 
composite  emitters  are  being  explored  such  as  using  a  high 
temperature  paint,  whose  emissivity  can  be  measured,  to 
place  a  small  dot  on  the  emitter  surface. 


Wavelength  (gm) 


Figure  5;  Neodymia  composite  enutter  heated  with  a 
combustion  flame. 
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Figure  6:  Erbia/Holmia  composite  emitter  heated  with  a 
combustion  flame. 


Wcwkngkli  ^ 

Figure  7:  Erbia  composite  emitter  heated  by  SiC  heating 
element. 

In  closing,  we  have  succeeded  in  the  manufacture  of 
robust  samples  using  composite  techniques  which  we  feel 
can  have  signihcant  applications  to  thermophotovoltaics. 
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Figure  8:  Holmia  composite  emitter  heated  by  SiC  heating 
element. 
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Figxire  9:  Neodymia  composite  emitter  heated  by  SiC 
heating  element. 
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AbssaA 

The  spectral  matching  of  the  radiation  from  an  Ytterbium  Oxide 
emitter  with  the  absorption  characteristics  of  the  photovoltaic  Si  cell 
allows  the  design  of  high  efficiency/high  power  density 
thermophotovoltaic  generators.  The  use  cf  the  Si  cell  allows  the 
development  of  hybrid  thermophotovoltaic  power  sources  operating  with 
solar  radiation  and  with  thermal  energy  from  a  hydrocarbon  fuel 
combustion.  A  hybrid  thermophotovoltaic  system  can  therefore  provide 
output  power  in  the  presence  of  sunlight  and  at  night  or  in  adverse 
environmental  conditions. 


Introduction 

The  experimental  results  and  design  analysis  reported  in  this  paper 
represent  an  approach  to  provide  military,  tactical  power  sources  tlw  can 
be  operated  by  either  solar  radiation  and  thermal  energy  emitted  by  a 
hydrocarbon  fuel  operated  burner.  Advances  in  the  thermophotovoltaic 
(TPV)  energy  conversion  technology,  which  have  been  realized  through 
research  and  development  work  in  the  past  few  years,  have  been  utilized  in 
this  study. 

Hybrid  TPV  generators  in  the  10-30  watt  output  power  range  can 
support  Special  Operations  Forces  critical  missions  providing  day  and 
night  source  of  power  to  recharge  essential  communication  equipment's 
batteries.  Larger  power  range  (100-3000  watt  output)  hybrid  TPV  units 
can  provide  silent,  reliable,  efficient  source  of  electric  power  for  Army 
shelters  and  other  applications. 


Discussion 

A  TPV  generator  consists  of  a  light  source  (burner  or  other  heat 
source  beating  a  nuuitle-emitter)  and  an  array  of  photovoltaic  (PV)  cells 
that  directly  convert  part  of  the  radiation  fhxn  the  emitter  irrto  electric 
power.  A  hybrid  TPV  system  also  consists  of  a  unit  that  controllably  can 
bum  hydrocarbon  feel  heating  a  ceramic  mantle  with  selective  spectral 
emission  chosen  to  optimize  the  match  with  the  spectral  response 
characteristic  of  a  Si  cell  array.  However,  the  Si  cell  array  can  be 
disassembled  from  the  rest  of  the  unit  and  used  directly  in  conjunction 
with  the  sun.  If  high  intensity  Si  ceils  are  used,  a  foldable  concentrator 
will  be  deployed  to  collect  larger  amounts  of  solar  radiatioa.  A  hybrid 
TPV  power  source  can  therefore  operate  and  provide  electric  power 
output  both,  in  the  presence  of  solar  radiation  and  at  night  or  in  adverse 
envirorunental  conditions. 

Hybrid  Thermophotovoltaic  Unit  for  the  Special  Operations  Forces 

The  Special  Operations  Power  Sources  (SOPS)  are  deployed  by 
tactical  elements  of  the  Special  Operations  Forces  (SOF)  into  deriied  or 
targeted  areas  to  provide  a  long  term  means  of  recharging  outstation  C-E 
equipment  batteries.  The  preferred  source  of  power  is  a  passive  system, 
(two  solar  panel  assemblies)  which  can  recharge  the  batteries  and  produce 
power  output  without  the  presence  of  a  foil  time  operator.  Each  solar 
panel  assembly  consist  of  two  rectangular  (23  cm  x  33  cm)  cell  panels 
containing  39  multicrystal  Si  cells  for  a  total  cell  area  of  approximately 
2400  cm2.  The  Si  Cell  efficieiKy  is  approximately  13.5  %  and  under  one 
foil  sunlight  conditions  at  1.5  air  mass,  the  two  solar  panel  assemblies 
produce  approximately  30  watts  at  a  nominal  16  volts.  During  periods 
when  the  solar  panels  are  not  effective  (darkness,  reduced  visibility  or 
adverse  environmental  conditions)  an  active  system,  consisting  of  a  Man- 
Operated  Generator  (MOG)  provides  means  to  generate  electric  power. 


The  SOPS  kit  also  contains  DC-DC  adapters ,  universBl  power  cables  and 
connection  plugs.  All  components  of  the  kit  are  throw  away  items  with  the 
exception  of  the  MOG  which  is  die  heaviest  and  most  expensive 
conqxmem.  It  has  to  he  carried  back  from  the  field  and  if  damaged  must 
be  exchanged  for  a  fully  functional  unit. 

A  possible  hybrid  use  of  the  SOF  solar  paneb  is  their  operation  in 
cormectian  with  an  artificial  source  of  light  when  sun  radial  is  not 
available.  This  source  of  light  can  be  provided  by  a  jMcpane,  butane  or 
natural  gas  burner  (tip  of  a  gas  lantern)  equipped  widi  an  emitting  mantle 
spectrally  tuned  to  the  Si  cell  characteristics,  fix'  example,  a  ruggedized 
Welsbach  mantle  doped  with  a  selective  emitting  rare  earth  oxide  with 
strong  radiating  bands  in  the  Si  cell  spectral  absorption  region.  The  actual 
solar  panel  assemblies  used  by  the  SOF  can  be  redesigned,  still 
maintaining  the  same  kind  and  number  of  cells,  into  a  multi-panel 
configuration  capable  of  completely  encircle  and  cover  the  artificial 
source  of  light  for  maximum  light  collection  and  to  avoid  visible  detection. 
A  schematic  representation  of  this  concept  is  illustrated  in  Figures  1,  2 
and  3.  Figure  1  is  the  schematic  of  a  six-panel  array  of  state-of-the-art 
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Figure  1.  Six-panel  array  (  6D  series 
connected  Silicon  cells  ). 
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Figure  2.  Hexagonal  enclosure  formed  with 
the  six-panel  array. 
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multicrystal  Si  cells  with  a  conversion  efficiency  of  13  S  %  which  was 
utilized  in  the  experimental  demonstration  of  the  feasibility  of  this 
approach.  The  six-panel  array  is  comprised  of  60  senes  connected  cells. 
Figure  2  is  a  representation  of  the  six-panel  hexagonal  enclosure  that  can 
be  formed  by  assembling  the  panels  around  the  burner-mantle.  The 
enclosure  is  closed  on  the  top  with  an  hexagonal  cover  provided  with 
louvers  to  exhaust  heat  and  combustion  gases.  The  inside  surface  of  the 
cover  is  aluirunum  coated  to  reflect  light  back  to  the  cells.  Figure  3  is  a 
cross  sectional  view  of  the  enclosure-burner  assembly. 


Figure  3.  Cross  sectional  view  of  the 
panels-burner  enclosure. 


Preliminary  tests  to  demonstrate  the  feasibility  of  this  approach 
were  conducted  using  commercially  procured  lantern  burners  and  gas 
mantles.  Operating  the  burner  with  propane  fuel  at  a  fuel  rate  of  50.5 
grams  per  hour  the  combustion  on  the  mantle  generates  approximately 
645  thermal  watts  (2,200  BTU/hour).  To  express  the  effect  of  a  light 
source  over  a  surfoce  enclosing  it,  a  term  is  necessary  which  is  constant 
when  summed  over  a  spherical  shell  enclosing  the  source  but  which  can 
vary  as  individual  zones  of  the  shell  isidered.  Luminous  flux 

measured  in  lumens  performs  this  fiir.  .iic  literature  data  I  on 

commercial  gas  light  mantles  perfor  -^dicate  that  a  mantle 

combustion  generating  2,200  BTU/hour  pr  >  :oces  between  138  and  271 
lumens  (depending  on  the  mantle  orientation  and  the  ratio  of  fuel  to  air) 
over  a  complete  spherical  shell  Because  two  lumens  correspond  to  (Hie 
watt  of  radiating  energy,  the  mantle  utilized  in  these  preliminary  tests 
emitteiL  in  the  l.st  operating  conditions,  no  more  than  135  watts  of 
radiaticxi.  This  tianslates  in  a  mantle  radiating  efficiency  of  21%  (e  g. 
21%  of  the  energy  generated  by  the  fuel  combusti(xi  is  converted  into  light 
)  which  can  be  considered  in  accordance  with  literature  data  on 
commercial  bumei -mantle  units  that.  withcHit  heat  regeneratiem  sections, 
are  characterized  by  emission  efficiencies  between  10  and  20%. 

Approximai^'ly  ninety-seven  (97)  watts  (72%  of  the  energy  radiated 
by  the  mantle)  foil  on  the  6-panel  hexagonal  structure,  with  the  remaining 
28%  ecpially  distnbuted  over  the  top  and  bottom  openings  of  the 
enclosure.  The  radiation  falling  chi  the  opening  at  the  bottexn  of  the  unit 
(19  watts)  is  completely  lost.  The  radiation  hitting  the  top  cover,  is 
partially  reflected  and  it  is  estimated  that  approximately  8  watts  reach  the 
cell  panels.  The  sixty  (60)  series  connected  Si  cells  account  for  1500  cm2 
of  the  panel  surflice  (  66%  of  the  total  panels  area).  Therefore  the  cells 
receive  a  maximum  of  72  watts  of  radiatiem  (64  watts  directly  from  the 
mantle  and  8  watts  reflected  back  by  the  enclosure  cover). 

The  average  Intensity  of  the  cell  illumination  is  approximately  48 
mw/cm2,  less  than  half  a  full  sunlight  illumuuticHi.  If  all  the  radiatiem 
were  impinging  normally  on  the  cell  surface  and  were  uniforrrily 
distnbuted  over  the  entire  active  cell  area,  the  cell  array,  with  a  conversiem 
efficiency  of  13.5%  ,  could  generate  an  electric  output  of  up  to  9.7  watts. 


The  tests  ccxiducted  on  the  demonstration  umt.  Figure  4,  produced  a  total 
electric  output  of  I  7  watts,  correspcxidiiig  to  a  system  overall  efficiency 
(electric  output  divided  bv  the  heat  of  content  of  the  fuel  used)  less  than 
1%. 


a)  Demonstration  unit  with  upright  mantle 
suspended  above  the  burner 


b)  Demonstration  unit  with  inverted  mantle 
suspended  below  burner  port 

Figure  4.  Six-panel  demonstration  unit. 

Two  major  reasons  for  the  pcxir  performance  of  this  first  prcx)f-of- 
principle  demonstration  were  immediately  identified;  a)  cells  uneven 
illumination  ancL  b)  spectral  mismatch  between  the  emissicm 
characteristics  of  the  mantle  and  the  absorption  characteristic  of  the  Si 
cell.  As  shown  in  Figure  1.  every  panel  contained  10  series  connected 
cells.  The  mantles  used.  2-3  cm  long,  were  positioned  at  the  middle  point 
of  the  29  cm  long  panels  Therefore,  the  illumination  of  the  cells  resulted 
quite  disuniform.  Measurements  conducted  with  a  calibrated  solar  flux 
meter  indicated  that  the  two  cells  at  the  middle  of  each  panel,  directly 
facing  the  mantle  at  a  minimum  distance  of  12  cm.  were  illuminated  with 


156 


light  intensity  of  80-90  mw/cm^  while  the  cells  located  in  the  top  and 
bottom  rows  of  the  panels  were  illiuninated  at  intensities  of  only  20-2S 
mw/cm^.  These  peripheral  cells  generate  substantially  fewer  free  carriers 
than  the  other  cells  and  because  they  are  all  series  coiuiected,  they  limit 
the  output  of  the  entire  panel  to  the  level  of  current  that  they  can  sustain. 
If  longer  mantles  can  not  be  fabricated  and  utiliz^  the  next 
demonstratioa  prototype  will  be  designed  with  shorter  cell  panels,  10  -  12 
cm  long,  each  consisting  of  two  Si  cells  vertically  oriented  and  bridging 
the  entire  panel  length.  In  this  way  every  cell  will  be  equally  illuminated. 
The  mantles  utilized  in  these  tests  were  procured  from  3  different 
manufacturers  of  gas  lanterns.  They  were  commercial  gas  mantles  whose 
chemical  composition  is  optimized  to  provide  high  intensity  ermssion  lines 
in  the  human-eye  visible  part  of  the  spectrum  (400-700  nm).  These 
emission  lines  correspond  to  wavelengths  shorter  than  the  wavelength 
range  where  the  Si  cell  has  the  pick  of  its  absorption  curve  (900-1050 
nm)  resulting  in  reduced  output  from  the  cell. 

Rare  earth  oxides  have  been  proven  to  be  chemically  stable  up  to 
temperatures  close  to  their  melting  point  (above  20000  C)  and  to  maintain 
their  spectral  emission  characteristics  for  an  indefinite  time,  even  in  highly 
oxidizing  atmosphere.  2  A  strong  radiation  band  at  relatively  shorter 
wavelengths  (850-1  ISO  nm)  from  an  Ytterbium  Oxide  mantle  heated  at 
temperatures  in  the  1300  -  I700°C  range,  was  found  to  be  an  optimal 
mateh  for  the  Si  cell  absorption  characteristics  providing  a  high 
efficiency  conversion  of  the  mantle  radiation  into  electric  power. 3, 4  Even 
if  a  commercial,  low  cost  mantle  design  must  be  utiliz^  for  this  SOF 
application,  the  mantle  composition  must  be  reformulated  to  include 
Ytterbium  Oxide.  During  the  last  few  years  emitters  have  been 
constructed  of  fine  (5-10  pm)  rare-earth  oxide  fibers  similar  in  design  to 
the  Welsbach  mantles  used  in  gas  lantems.3  Some  of  these  mantles  made 
of  100%  ytterbia.  have  demonstrated  substantial  improvement  in 
mechaiucal  properties  and  spectral  match  with  the  Si  cell  characteristics 
(5  fold  higher  electric  output  from  the  cell  as  compared  with  commercial 
gas  mantles  operated  at  the  same  temperature  and  fuel  consumption  rate.) 


New  ceramic  mantle  processing  techniques,  applicable  to  several 
refractory  oxides,  have  resulted  in  effeaive  selective  emitter  mantle 
compositions  with  significant  improved  mechanical  and  thermal  shock 
resistant  characteristics.  Several  rare  earth  oxides  (Erbium  Oxide, 
Niodimium  Oxide,  Ytterbium  Oxide,  etc.)  have  been  formed  in  innovative 
mantle  designs  with  increased  selective  thermal  emission  capability 
characterized  by  strong  energy  bands  in  the  wavelength  range  between 
800  and  2500  nm. 

Planar  sources  of  selective  emission,  called  supported  continuous 
fiber  emitters,  were  recently  developed  with  over  10  watts/cm^  surfoce 
radiatmg  intensity.  These  flat  mantle  structures,  alternative  to  the 
traditional  close  end  cylinder  configuration,  provide  an  effective 
innovative  design  for  the  mantle  of  portable  TPV  Power  Sources  with 
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rigure  5.  Spectral  exitance  of  Ytterbium  Oxide  (A) 
and  spectral  response  of  high  intensity 
advanced  Si  cell  (B) . 


larger  power  output  (from  hundreds  of  watts  to  few  kilowatts).  In 
additioo,  recent  advances  have  been  made  in  the  development  of  high 
intensity  Si  cells  which  have  been  febricated  with  conversioa  efficiencies 
ranging  between  20  and  33%  at  concentratians  levels  in  the  20-200  suns. 
The  overlapping  of  Si  cell  response  and  Ytterbium  Oxide  emitter  output  is 
shown  in  Figure  5  b  The  combined  result  of  both,  spectrally  improved 
selective  emitters  with  high  emission  flux  density  and  high  intensity  Si 
cells  provides  the  possibility  for  the  development  of  high  power 
density/high  conversion  efficiency  TPV  generators.  The  use  of  Si  cdls 
also  allows  the  design  of  a  hybrid  TPV  unit  capable  of  working  with  both 
hydrocarbon  combustion  and  sunUght.  Figure  6  is  a  conceptual 
representation  of  a  90  watt  electrical  ouqrut  portable  TPV  power  source 
comprising  a  100  cm2  flat  design.  Ytterbium  Oxide  fiber  mantle  and  a  PV 
panel  with  100  cm2  of  high  intensity  Si  cell  active  area.  When  operated 
with  combustion  from  hydrocarbon  fuel  and  using  realistic  output  and 
view  factors,  3  wan/cm2  of  the  radiating  energy  from  the  Ytterbium 
Oxide  mantle  are  available  in  the  spectral  range  usable  by  the  Si  cell. 
With  a  cell  conversion  efficiency  around  33%,  the  cell  array  will  provide 
I  watt  of  electrical  output  for  every  square  centimeter  of  active  cell  area. 
The  only  ancillary  power  requirement  (~10  watts)  is  for  the  operatioa  of  a 
small  fan  to  provide  forced  air  cooling  of  the  Si  ceils  which  work  at 
approximately  30  times  foil  sun  radiating  intensity.  The  fen  is  directly 
powered  by  the  cell  panel  output  with  no  need  for  a  starting  battery.  Using 
state-of-the-art  components  the  weight  of  the  unit  (without  fuel)  is  less 
than  3  kg.  with  a  power  density  of  approximately  30  watt/kg. 
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Figure  6.  Conceptual  representation  of  a 

90-watt  Hybrid  Thermophotovoltaic 
Tactical  Power  Source 


Recent  developments  in  spectrally  selective  holographic 
concentrators  indicate  the  possible  use  of  holography  as  spectral  splitting 
for  PV  and  TPV  energy  conversion.  2  A  single  element  hologram,  between 
emitter  and  cell  array,  can  detract  away  from  the  cells  and  out  of  the 
system  the  unwanted  infrared  radiation.  This  will  reduce  cell  cooling 
requirement  and  provide  an  effective,  simplified  design  approach  for 
waste  heat  recovery.  The  overall  efficiency  of  the  90  watt  TPV  umt  (net 
electrical  output  divide  by  the  heat  of  content  of  the  fuel)  is  strongly 
dependent  on  the  burner  efficiency.  Without  any  preheating  of  the  air-foel 
mixture,  453  grams  (1  lb)  of  fuel  operate  the  90  watt  power  source  for 
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approximately  I  1/2  hours  with  a  unit  efficiency  of  2  2%.  With  an 
effective  heat  recuperation  section,  burner  efficiencies  ui  the  40-50% 
range  are  achievable  resultuig  m  a  system  efficiency  m  the  6-7%  range 
In  Figure  7  the  cells-coolmg  fen  section  of  the  umt  is  disassembled  from 
the  burner  system  and  equipped  with  a  simple  design  (truncated  pyramid) 
concentrator  for  operation  on  sunlight.  Concentration  of  solar  radiation 
becomes  necessary  when  higher  intensities  are  desired  than  can  be 
obtained  with  a  flat  collector  alone  or  when  the  cost  of  the  receiver  per 
unit  area  (e  g.  high  intensity  cells)  is  higher  than  the  cost  of  a  concentrator 
per  umt  aperture  area.  Closely  related  to  sunlight  concentration  is  the 
"acceptance  angle",  i  e  the  angular  range  over  which  all  rays  are  accepted 
without  moving  all  or  part  of  the  collector.  Thcrmodviiaiiucs  defines  the 
maximum  possible  concentration  for  a  given  collector  acceptance  angle. 
The  sunple  concentrator  design  depicted  in  Figure  7  which  can  be  made  of 
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Figure  7,  Si  cells-concentrator  assembly 
operating  on  sun  radiation 


Figure  8.  Compound  Parabolic  Concentrator 
showing  foci,  axes,  and  parabola 
branches 


foldable  aluminum  foil  sections  can  be  engmeered  to  form  utegral  part  of 
the  TPV  unit  shroud,  however  it  is  an  uefficient  coneentrator  structure 
and  involves  a  compromise  with  its  optical  and  thermal  properties.  In 
military  applications  the  cell-concentrator  assembly  may  be  required  to  be 
fixed  on  the  ground  and  a  too  narrow  accqitance  angle  may  call  for 
contmuous,  periodic  reorientation  of  the  umt  to  collimate  with  the  sun. 
Among  concentrators  which  approach  the  thermodynamic  limit  of 
concentration  arc  the  "compound  parabolic  concentrators"  (CPC). They 
consist  of  parabolic  reflectors  which  funnel  the  radiation  from  aperture  to 
absorber  (Figure  8)  The  nght  and  left  half  of  the  CPC  illustrated  ui 
Figure  8  or  for  a  3  dimensions  CPC,  the  opposite  sections  (branches)  of 
the  concentrator  belong  to  different  parabolas  as  expressed  by  the  name 
CPC.  The  axis  of  the  nght  branch,  for  instance,  makes  an  angle  6  with  the 
axis  of  the  collector,  and  its  focus  is  at  A  At  the  end  pouit  C,  the  slope  is 
parallel  to  the  collector's  a.\is  The  CPC  have  a  umque  angular  acceptance 
chaiactenstic:  all  rays  incident  on  the  aperture  within  the  acceptance  angle 
will  reach  the  absorber  while  the  others  will  bounce  back  and  forth 
between  the  reflector  sides  and  eventually  re-emerge  through  the  aperture 
Equippuig  the  TPV  power  source  with  a  CPC  designed  for  a  specific 
acceptance  angle  will  provide  longer  (few  hours)  unattended,  operation  of 
the  cell  panel  before  need  for  unit  reonentation. 

Conclusion 

The  utilization  of  the  Si  cell  as  PV  converter  in  the  design  of  a 
thermophotovoltaic  generator  allows  the  hybnd  use  of  the  umt  with  both, 
sunlight  and  radiation  from  a  hydrocarbon  foci  combustion  The  use  of 
high  mtensity  radiators  with  strong  emission  bands  ui  the  Si  cell  spectral 
absorption  region  is  a  key  factor  for  the  development  of  lightweight,  high 
power  density,  hybnd  thermophotovoltaic  power  sources  Holography 
can  provide  an  innovative  approach  for  the  removal  (scattenng)  and  the 
management  (focusing  on  specific  areas)  of  the  unusable  uifrared 
radiation,  resulting  in  a  highly  effective  waste  heat  recovery  (preheating  of 
the  air-foci  mixture)  with  substantial  increase  of  the  generator  overall 
efficiency. 
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Introduction 

In  this  study,  the  first  reported  alpha  particle  bombardments  of 
InP  were  completed,  and  the  Non-Ionizing  Energy  Loss  (NIEL) 
formalism  expressing  radiation  dose  as  an  equivalent  fluence  of 
1  MeV  electrons  was  precisely  verified  for  InP.  With  this 
approach  any  ionizing  exposure,  at  any  incident  energy,  can  be 
converted  to  a  conunon  condition  for  comparisons.  Consequently, 
simple  alpha  particle  exposures  can  be  generalized.  Their  high 
equivalent  doses  are  ideal  for  testing  solar  cells  or  other 
semiconductor  devices  that  must  work  reliably  in  a  radiation 
environment.  In  addition,  carrier  removal  was  found  to  cause  two 
previously  undetected  effects,  a  plateau  above  the  simple  diffusion- 
length  predicted  curve  due  to  an  expanded  depletion  region, 
followed  by  a  sharp  drop  in  performance  as  additional  carria  loss 
chokes  off  power  conversion  altogether.  Both  effects  have 
significant  implications  for  radio-voltaic  batteries. 

Previous  attempts  to  employ  radioisotopes  to  power  silicon 
voltaic  cells  were  limited  to  beta  emitters  with  relatively  short  half 
lives  and  low  energies  to  avoid  radiation  damage.  This  limited 
both  power  and  effective  lifetime.  Compared  with  more  common 
semiconductors  (silicon  and  gallium  arsenide),  InP  exhibits  a 
marked  resistance  to  radiation  damage,  opening  the  possibility  of 
an  alpha-emitter  battery.  In  addition,  indium  phosphide  anneab  at 
relatively  low  temperatures,  in  many  instances  at  room  temperature. 

Initial  tests  of  alpha  irradiated  InP  photocells  using  visible  light 
(AMO  solar  spectrum)  agreed  well  with  NIEL  predictions  model. 
However,  degradation  in  alpha  excited  cells  was  higher  than 
calculated  for  AMO.  Low  temperature  annealing  is  insufficient  to 
overcome  this  discrepancy.  We  conclude  that  even  with  the  best 
material  characteristics  reported  in  the  literature,  long-lived  alpha 
particle  powered  cells  could  be  made  but  not  as  compactly  as 
historical  beta  cells  using  silicon. 


Because  the  most  relevant  radiation  damage  studies  have  been 
fru-  solar  cells  used  in  space,  a  convenient  standard  for  comparing 
radiation  doses  is  the  damage  produced  by  1  MeV  electrons.  At 
other  energies,  electrons  produce  the  non-ionizing  energy  loss  shown 
in  Figure  1.  This  permits  an  estimate  of  damage  [xoduced  by  beta 
rays  from  a  particular  nuclide  relative  to  1  MeV  electrons. 
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Figure  1  NIEL  in  InP  for  electron  and  proton  bombardment  as 
a  function  of  incident  energy. 


Computational  Modeling 


Two  computer  models  were  essential  to  interpretation  of  these 
measurements.  First,  the  TRIM  Monte  Carlo  code'  calculates 
charge  carrier  generation  and  displacement  production  along  an  ion 
track  in  solids.  The  second  is  the  PC-ID  device  model,*  a  one 
dimensional,  finite  element  approach  to  semiconductor  transport 
equations,  for  predicting  device  performance  as  a  function  of 
material  parameters,  e.g.,  minority  carrier  lifetime. 


Radiation  induced  displacement  damage  has  been  studied  in 
InP  with  electrons,  protons,  and  cobalt-60  ganuna  radiation*~*  but 
not  previously  with  alpha  particles.  Fortunately,  the  NIEL  method 
permits  available  displacement  damage  information  to  be 
generalized.  Once  the  damage  distribution  is  calculated,  it  can  be 
correlated  with  previous  data  from  other  radiation  types  to 
determine  changes  in  carrier  diffusion  length  and  dark  current 
These  in  turn  permit  the  prediction  of  cell  parameters,  such  as  short 
circuit  current,  open  circuit  voltage,  fill  factor,  and  maximum 
power  point. 


The  dominant  adverse  effect  of  radiation  on  semiconductor 
performance  is  a  reduction  in  diffusion  length  L,  given  by 


J_  -  _L 

L*  W 


(1) 


where  L,  is  the  diffusion  length  prior  to  irradiation,  4>  is  the 
radiation  fluence  and  is  the  damage  coefficient  A  series  of 
diffusion  lengths  are  calculated  over  the  range  of  fluence  values  of 
interest  and  these  are  entered  into  the  PC-ID  device  modeling  code 
to  determine  their  effect  on  key  quantities  such  as  voltage  and 
current  at  maximum  power.  Other  parameters  are  based  on  growth 
conditions  or  measurements  made  during  fabrication. 

Measurements  under  AMO  of  open  circuit  voltage,  short  cncuit 
current,  attd  efficiency  were  first  modeled  with  PC-ID  by  adjusting 
initial  diffusion  lengths  and  dopant  concentrations  until  an  optimal 
fit  to  BOL  (begiruiing  of  life)  performance  was  obtained.  Keying 
the  doping  constant,  the  diffusion  length  could  then  be  changed  as 
a  function  of  dose  to  generate  curves  for  all  three  outputs.  If  all 


panmelm  were  kept  comtant  excqit  the  damage  coefikaent,  this 
effectively  allowed  a  best  fft  dctcrminatioji  of  the  damage  constant 
ffom  AMO  leadings  as  a  function  of  dose. 

In  a  planar  batteiy  design,  the  damage  rate  is  proportional  to 
the  amount  of  alpha  emitting  radioisotope  per  cm^  of  voltaic  cell. 
TRIM  calculates  displacement  damage  along  an  alpha  particle  track 
as  shown  in  Figure  2.  When  corrected  for  source  geometry,  this 
determines  the  displacement-damage  energy  profile  in  die 
semiconductor. 


Figure  2  Vacancies  created  along  the  track  ofaSJ  MeV  alpha 

panicle  in  InP  calculated  by  the  TRIM  code. 

Eaperiments 

Samples  studied  were  shallow  homojunction  xxtp  InP  cells 
grown  by  metalorganic  chemical  vqmr  deposition.  Cell  design  was 
identical  to  the  high  conversion  efficiency  solar  cells  developed  at 
Spire  and  widely  reported  in  the  literature.  It  includes  a  highly 
doped  back  surface  field  p-InP  buffer,  a  33  pm  low-doped  p-InP 
base  and  a  thin  highly-  doped  n*-InP  emitter.  The  cell  front 
contact  grid  and  25  mnf  active  area  were  defined  using  standard 
photolithogrrphy  techniques.  Cells  were  individually  diced  for 
evaluation  and  radiation  testing. 

Alpha  bombardments  were  completed  in  air  and  vacuum, 
depending  on  the  size  of  the  cells  and  test  requirements,  using 
three  1  mCi  Am-241  sources.  Two  of  the  sources  had  thin 
windows  for  in-air  irradiation,  and  one  had  mesh  reinforcing  for 
vacuum.  Evaluation  of  cell  performance  relied  mostly  on  standard 
solar  cell  characterization  tediniques  (AMO,  daik/illuminated  I-V 
curves,  and  quantum  efficiency),  but  several  were  monitored  during 
a^ilia  illumination. 

A  dry  nitrogen  chamber  at  room  temperature  protected  cells 
in  storage,  since  some  degradation  was  possible  with  exposure  to 
humidity.  Irradiations  to  1  MeV  equivalent  election  fluences  above 
10'’  agree  strongly  with  the  NIEUPC-ID  predictions  based  on 
previous  (1989)  electron  irradiations  of  Spire  MOCVD  n/p  cells 
made  with  silicon  doping,  although  levels  of  damage  observed  were 
well  beyond  previous  reports.  This  excellent  agreement  between 
a^iha  and  electron  irradiation  data  strongly  vindicated  the  NIEL 
damage  correlations. 


Typical  relative  efficiency,  J.,  and  V.  under  AMO  illumination 
fos  Am-241  irradiatBd  cdls  are  shown  in  Rgurcs  3  through  S. 
Readings  from  n/p  cells  arc  shown  as  solid  squares  rqsesenting 
average  measurements  from  five  different  cells  at  each  fluence  level. 
Data  points  at  the  highest  flueiKe  levels  ve  sirtgle  cell  readings, 
because  of  the  long  irradiation  times  needed  to  achieve  these  levels. 
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Figure  3  AMO  efficiency  for  n/p  type  InP  solar  cells  as  a 
function  of  1  MeV  equivalent  electron  fluence 
compared  to  a  PC -ID.  Starling  AMO  ^ficiency  16.7% 


1  MuV  EQUIYALENT  ELECTRON  FLUENCE  [miem*) 


Figure  4  Normalized  AMO  for  the  same  cells  shown  in 
Figure  3.  Starting  value  =  32  J  mA/cnf. 

The  solid  line  is  die  PC-ID  calculation  for  an  n/p  cdl  based  on 
damage  coefficients  that  were  consistent  for  both  previous  Si-doped 
cells  and  these  Se-doped  n^  cells.  Based  on  Yamaguchi's  measured 
damage  coefficients,  p/n  material  should  be  more  radiation  resistant 
(lower  damage  coefficient)  dian  the  n/p  material.  However,,  these 
indicate  the  contrary. 

At  high  particle  fluences,  short  circuit  current,  for  both  AMO 
and  a^iha  illumination  dqiarted  markedly  from  the  monotonic 
decrease  observed  with  less  than  10"  cm  ^  This  enhancement 
typically  started  at  about  6  x  10'*  cm'^  and  persisted  until  about 
4  X  10”  cm where  the  short  circuit  current  began  a  precipitous 
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REUTIVEVt 


1  McV  EQUIVALENT  ELECTRON  FLUENCE 


Figure  5  under  AMO  for  the  cells  in  Figure  3.  Starting 
value:  -  0.865V. 

drop  just  before  10"  cm'^  Neidier  phenomena  appear  in  the  open- 
circuit  voltage.  This  "plateau  and  plummet"  in  the  short  circuit 
current  can  be  e:q}lained  by  including  effects  of  carrier  removal, 
which  were  reported  and  modelled  by  Yamaguchi.*  At  low 
exposures,  carrier  concentration  can  be  described  analogously  to 
diffusion  length; 

^  -  r,  •  ♦  (2) 

where  No  is  the  majority  carrier  concentration  before  irradiation  and 
N  the  concentration  after  a  particle  fluence  4>.  K,  is  the  carrier 
removal  rate  in  units  of  cm  ',  analogous  to  the  damage  coefficient 
for  diffusion  length  and  a  function  of  the  particle,  its  energy,  and 
the  dopant  concentration. 

The  plateau  is  due  to  the  growth  of  the  space  charge  region  as 
carrier  concentration  drops,  which  collects  carriers  are  more 
efficiently  by  drift  in  the  space  charge  field  than  by  diffusion  from 
the  field  free  region  of  the  base.  Enhanced  collection  compensates 
for  the  reduction  in  diffusion  length.  Ultimately  carriers  are  so 
diminished  that  the  cell  ceases  to  function.  Changes  in  voltage  are 
not  as  apparent  as  in  the  current  due  to  the  logarithmic  dependence 
of  voltage  on  current 

Conclusions 

To  date,  all  of  our  data  with  MOCVD  and  diffused-junction 
InP  cells  indicate  damage  coefficient  about  300  times  larger  than 
the  original  measurement  from  NTT.  This  may  be  due  to 
differences  in  measurement  techniques  rather  than  material 
structure  some  of  which  were  similar.  PC-ID  modelling  generally 
agrees  with  all  measurements,  provided  the  appropriate  damage 
coefficient  was  used. 

The  plateau  in  J,.  above  the  PC-ID  curve  most  likely  results 
from  expansion  of  the  depleted  region  as  carrios  are  removed  by 
trapping  at  defects.  This  effect,  equivalent  to  a  reduction  in  dopant 


concentration,  was  not  at  first  modeled  by  PC-ID  which  only 
included  the  change  in  diffusion  length.  The  effecbve  reduction  in 
dopant  concentration  eventually  overwhelms  the  enhancement  of  the 
depletion  r^ion  by  creating  a  large  series  resistance,  exactly  the 
effect  observed  near  end  of  cell  life.  Carrier  removal  thus  explains 
both  the  plateau  in  efficiency  near  the  50%  point  and  the  final  drop 
at  end-of-life. 

In  spite  of  the  tentative  conclusion  that  InP  a^jha  cells  are  not 
jnctical.  al^>ha  particle  bombardments  damaged  cells  well  beyond 
levels  previously  tested,  and  verified  the  Non-Ionizing  Energy  Loss 
(NIEL)  formalism.  Behavior  of  n/p  InP  irfiotocells  at  extremely  low 
power  levels  was  found  to  be  substantially  different  from  that  under 
AMO  illumination,  where  p/n  generally  performs  better.  Under  very 
low  iUumination,  or  a^a  stimulation,  n/p  cells  are  better. 
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Introduction 

The  Department  of  Energy  (DOE)  has  initiated  a  program 
designed  to  convert  its  defense  production  plants  from  nuclear 
weapons  production  to  commerci^/Department  of  Defense  (DoD) 
utilization,  wherever  practical,  in  order  to  make  the  plant’s  high 
technology  capabilities  available  to  the  American  manufacturing 
community,  and  to  mi^iimize  the  economic  impact  of  ending  the 
plant’s  DOE-defense  mission. 

The  Pinellas  Plant,  located  near  St.  Petersburg,  Florida, 
managed  and  operated  by  Martin  Marietta  Specialty  Components, 
Inc.,  (Specialty  Components)  is  planning  to  participate  in  a  dual 
use  program;  to  fulflll  the  DOE  mission,  while  at  the  same  time 
making  its  resources  available  to  community  partnerships  for  local 
business  development. 

This  paper  is  limited  to  an  introduction  to  the  dual  use 
concept  and  technical  information  relevant  to  three  areas,  thermal 
batteries,  lithium  ambient  battery  packs  and  double-layer  capacitor 
packs. 

Dual  Use  Conceute 

Several  programs  have  been  initiated  to  assist  American 
industry  involvement  in  this  process.  The  Pinellas  Plant  can  be 
accessed  through  the  following  mechanisms: 

1.  Private  Use 

2.  Cooperative  Research  and  Development 

Agreements  (CRADA),  through  a  National 

Laboratory 

3.  Cooperative  Agreements 

The  DOE  has  granted  Specialty  Components  permission 
for  private  use  of  the  Pinellas  Plant,  in  addition  to  cunent  DOE 
mission  work.  This  private  use  involves  leasing  facility  space  and 
equipment  by  Martin  Marietta  or  its  subsequent  contractor(s)  for 
commercial  endeavors  at  the  plant.  One  may  either  seek  services 
or  products  from  Specialty  Components,  or  seek  alliances  or 
partnerships  with  Specialty  Components  to  achieve  specifle 
programmatic  goals. 

CRADAs  can  be  structured  to  conjoin  the  efforts  of  a 
National  Laboratory,  the  Pinellas  Plant  and  the  work  initiator  to 
accomplish  the  desired  goal. 

Cooperative  Agreements  can  be  established  between  the 
DOE  and  a  participant,  who  will  perform  work  at  the  Pinellas 
Plant. 

One  area  in  which  Specialty  Components  is  actively 
pursuing  dual  use  is  thermal  battery  production.  'This  paper  updates 
some  of  the  technologies  and  processes  in  use  at  the  Pinellas  Plant. 
The  Pinellas  Plant  has  produced  thermal  batteries  since  1974, 
when  it  was  assigned  thermal  battery  procurement  responsibility 
for  the  weapons  program  under  the  design  guidance  of  the  Sandia 
National  Laboratories  (SNL)  in  Albuquerque.  The  plant  has  also 
served  as  a  backup  and  limited  production  facility  with  8000 
square  feet  of  dry  room  space. 


’Thermal  lUtterv  Leak  Dctectton 

It  has  been  a  nuclear  weapons  design  requirement  through 
the  years  to  produce  thermal  batteries  for  applications  specifying 
shelf  lives  of  a  minimum  of  25  years  Ul-  Many  aspects  of  battery 
design  concerning  individual  component  design  must  be 
controlled  to  ensure  material  compatibility  and  stability  over  the 
requisite  time  span.  Igniters  must  also  be  specifically  designed  to 
stand  up  to  the  internal  atmosphere  of  the  stored  battery.  While  this 
paper  targets  the  leak  aspect  of  battery  life  assurance,  we  do  not 
mean  to  denigrate  the  component  stability  and  compatibility 
aspects. 

Given  adequate  long  life  component  design  in  typical 
thermal  batteries,  performance  deterioration  from  aging  has  been 
attributed  mainly  to  water  vapor;  and,  secondarily,  to  oxygen 
Both  contaminants  degrade  the  lithium  by  reacting  with  it,  thereby 
removing  it  from  its  normal  electrochemical  accessibility. 

Moisture  exposure  is  minimized  during  battery 
construction  by  working  in  dry  rooms,  or  otherwise  controlling 
accessibility  of  water  to  the  battery  components. 
Lithium/lithium-alloy  handling  is  also  controlled  to  minimize 
oxygen  exposure.  The  battery  is  sealed,  usually  by  welding,  to 
produce  a  hermetically  sealed  assembly,  i.e.,  one  that  essentially  is 
impervious  to  the  exchange  of  water  vapor  or  oxygen  between  the 
battery  and  the  environment.  Small  leaks  in  finished  batteries 
allow  more  oxygen  than  moisture  to  enter  the  battery.  Batteries 
made  this  way  have  shown  no  practical  deterioration  in 
performance  alter  storage  times  of  up  to  25  years,  or  after 
accelerated  aging. 

In  leak  detection  work,  absolute  zero  leak  rates  are  not 
reasonably  demonstratable.  Testing,  therefore,  is  designed  to  show 
that  any  leaks  present  are  below  a  specified  leak  rate.  A  gas  other 
than  those  which  normally  affect  the  product’s  life  is  used  to  seek 
out  the  leak.  Assumptions  and  correlations  must  be  made  to  use 
leak  check  data  to  predict  the  systems  actual  life  expectancy. 

The  Pinellas  Plant  has  used  two  techniques  for  leak 
detection:  bubble  checking  and  helium  leak  checking.  The  bubble 
test  is  performed  by  placing  the  battery  in  a  container,  pressurizing 
the  container  with  the  tracer  gas,  removing  the  battery  and 
submerging  it  in  a  liquid,  and  watching  for  any  bubble  streams, 
indicating  a  leak.  The  helium  leak  check  is  a  bomb  type  check 
which  starts  by  placing  the  battery  in  a  container,  pressurizing  the 
container  with  the  tracer  gas,  removing  the  battery;  but  then  the 
battery  is  place  in  a  chamber  attached  to  a  mass  spectrometer  to 
measure  the  helium  concentration  (in  the  chamber)  which  is  the 
result  of  helium  leakage  from  a  defective  battery. 

A  leak  is  almost  always  a  dynamic  defect.  Because  the  leak 
is  allowing  gas  exchange  all  the  time,  it  is  necessary  to  calculate  the 
actual  leak  rate  from  the  leak  test  data.  The  concentration  of  tracer 
gas  inside  the  battery  varies  with  leak  size,  internal  free  volume, 
bombing  pressure,  bombing  time  and  elapsed  time  between 
bombing  and  testing.  The  actual  leak  rate  is  defined  as  the  reading 
that  would  be  given  by  the  leak  detector  if  the  battery  contained 
100%  helium  at  normal  atmospheric  pressure  in  its  free  space  1^1- 
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Factors  complicating  interpretation  of  data  include  a  lack 
of  a  precise  physical  descriptions  of  each  battery,  definition  of  all 
significant  transport  rates,  definition  of  all  significant  degradation 
reaction  rates,  and  a  knowledge  of  the  history  of  all  variations  in 
the  temperature,  gas  pressure,  and  gas  concentrations  during  ail 
stages  of  the  battery's  pretest  and  testing  activities  I’)-  An  example 
of  a  particular  thermal  battery  complication  is  tracer  gas 
permeation  and  slow  release  inside  the  battery  by  materials  such 
as  a  header  encapsulant.  Since  this  data  has  never  (to  the  author's 
knowledge)  been  assembled  leak  rate  interpretation  has  been 
approached  through  various  simplifying  assumptions  by  different 
investigators. 

Calculations  indicate  that  bubble  leak  testing  cannot  be 
relied  upon  to  reveal  all  leaks  which  would  deteriorate  batteries 
held  in  storage  for  25  years  H  I-  Helium  bomb  leak  testing,  however, 
can  give  this  level  of  protection. 

Leak  test  theory  based  on  simple  container  and  leak 
designs  indicate  that  gross  leaks  can  be  missed  by  helium  bomb 
leak  testing.  However,  tests  at  the  Pinellas  Plant  have  shown  that 
the  release  of  the  helium  from  inside  the  battery  with  a  gross  leak 
is  sufficiently  affected  by  the  materials  of  construction  of  the 
battery  so  that  the  gross  leaker  shows  up  reliably  during  the  testing. 

Five-Cell  And  Single-Cell  'Rstlng 

Five-cell  testing  is  a  method  of  discharge  testing,  initially 
performed  by  the  SNL  in  Albuquerque,  that  employs  a  reusable 
test  container  sized  to  hold  five  cells  of  a  given  diameter.  The 
reusable  test  container  allows  for  simplified  assembly  of  the 
igniter,  header,  leads  and  case  without  welding  or  soldering.  A 
greater  or  lesser  number  of  cells  can  be  assembled  simply  by 
changing  the  length  of  the  reusable  container's  case  wall. 

The  assemblies  are  usually  tested  on  a  special 
time-temperature-voltage  (TTV)  tester  which  imposes  a  back¬ 
ground  load  and  a  package  of  pulse  loads.  The  loads  may  be  fixed 
resistance  or  constant  current.  The  pulse  load's  magnitude, 
duration  and  duty  cycle  is  preset  before  testing.  Temperatures  in 
the  cell  stack  are  also  measured.  The  tester  collects  voltage  output 
information  every  millisecond  during  rise  time  and  during  pulses. 

The  testing  is  particularly  useful  in  studying  the  effects  of 
heat  balance,  insulation  design  or  pellet  modifications  upon 
electrical  performance,  especially  during  pulsing.  Figure  1  shows 
overall  performance  comparison  of  five  cell  tests  with  one  test 
having  steel,  muffle  collectors  present  and  the  other  having  no 
collectors  present.  Figure  2  shows  comparative  pulse  performance 
polarization  data.  These  batteries  had  the  same  heat  balance  factor 
of  82  calories  per  gram  of  unit  ceil.  As  can  be  seen  the  muffle 
collectors  prolonged  the  active  life  and  pulse  carrying  capability 
of  the  battery  significantly.  The  muffle  collectors  also  seemed  to 
produce  a  more  controlled  and  faster  rise  time  (SO  ohm  load).  The 
background  load  was  ten  ohms  fixed  resistance  and  the  pulse  load 
was  one  ohm  fixed  resistance.  The  ohmic  resistance,  as  indicated 
by  the  instant  drop  voltage  value,  was  similar  early  in  the  battery's 
life  but  .appear  to  have  been  higher  in  the  presence  of  the  muffle 
collectors  later  in  the  active  life.  More  testing  is  needed  to  confirm 
this  observation.  Internal  temperatures  were  higher  in  the  muffle 
collector  battery  in  spite  of  the  same  heat  balance  factor.  The 
muffle  collector  effectively  controls  the  movement  of  heat  and  is 
aseful  for  longer  life  designs  using  lower  heat  balance  factor 
values. 


Figure  1.  Muffle  Collector  Effects,  batteries  with  and  without 
collectors,  TTV  Testers  -  82  Cal/Cell  Heat 
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Figure  2.  Muffle  Collector  Effects,  Ohmic  and  Total 
Polarization,  with  and  without  collectors 

Experience  with  this  tester  shows  it  to  complement  the 
single-cell  and  full-up  battery  tests.  Because  the  test  is  sensitive  to 
thermal  management  problems,  temperatures  are  taken.  This  tester 
is  useful  in  design  work  for  pellet  design  changes  including: 
chemistry  differences,  stack  loading,  end  insulation  and  initial  heat 
balance  studies.  It's  chief  use  is  to  reduce  the  cost  associated  with 
pursuing  these  questions.  It  is  also  useful  for  routine  material 
control  work  where  electrical  performance  of  different  batches  of 
materials  is  being  compared. 

Single-cell  testing,  using  heated  platens  instead  of  heat 
pellets,  is  useful  for  more  basic  studies  of  cell  performance, 
because  of  the  ability  to  control  temperatures  over  a  predetermined 
range  of  values.  The  testing  at  the  Pinellas  Plant  is  being  modified 
to  use  a  controlled  atmosphere  fixture  in  place  of  a  glove  box. 

Spin  Battery  Design 

High  spin  rate  (18,000  rpm)  battery  development  utilizes 
minimal  cell  diameters  to  minimize  the  centrifugal  forces  on  the 
molten  electrolyte.  This  is  counter  balanced  by  current  density 
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limitations.  The  power  leads  are  isetlated  from  the  stack  as  much 
as  possible  to  prevent  cells  from  shorting  to  the  leads,  which  might 
occur  if  electrolyte  leaked  through  the  insulation  and  touched  the 
leads.  Moderately  insulating  materials  only  seems  usable  at  the 
higher  spin  rates  because  of  the  tendency  of  the  highly  insulating, 
high  void  volume  materials  to  pulverize  during  spinning.  Normal 
MgO  binder  levels  in  the  LiCI/K.Cl  separator  (40%)  yield  adequate 
molten  electrolyte  immobilization.  Lateral  insulation  needs  to  be 
tightly  bound  to  the  st,ack,  if  radially  ignited,  to  insure  adequate 
heat  strip  contact  with  the  pellet  stack. 

Header/Ca.se  Weldini; 

Microplasma  and  pulsed  gas  tungsten  arc  (GTA)  welding 
have  been  helpful  in  minimizing  thermal  stressing  of  the  headers 
during  closure  welding  of  the  battery  case.  These  thermal  stresses 
can  lead  to  glass  cracking  and  failure  at  the  terminals.  Both  welding 
processes  have  the  capability  of  producing  a  "soft”  start  that 
reduces  disp'  acement  of  molten  metal  at  arc  initiation,  which  is 
important  in  the  welding  of  thin  metals.  The  processes  allow  for  the 
addition  of  small  amounts  of  hydrogen  to  the  shielding  gas  flow  to 
produce  a  localized  reducing  atmosphere  that  increases  the  arc 
energy,  raises  the  fluidity  of  the  molten  metal  and  aids  the  shielding 
gas  in  preventing  oxidation.  The  tungsten  electrode  is  recessed  in 
the  microplasma  welding  head,  which  assures  the  electrode  cannot 
contact  the  weld,  thus  eliminating  a  source  of  contamination.  The 
smooth  surface  of  the  w^lds  produced  by  these  two  processes  aids 
in  visual  weld  inspection. 

Closed  Mold  Header  Encapsulation 

Headers,  after  attachment  of  igniter,  monitor  and  internal 
leads,  are  usually  encapsulated  using  alumina  filled  epoxy  resins. 
This  may  be  done  in  an  open  mold  or  a  closed  mold.  The  open  mold 
is  simpler  to  make  and  use,  but  requires  an  additional  machining 
step  for  dimension  control.  Closing  the  mold  and  pouring  through 
a  sprue  yields  acceptable  as-cast  dimensions,  and  in  addition 
allows  for  vacuum  de-airing,  thereby  giving  an  improved 
encapsulant  integrity. 

Heat  Powder  Handling  for  Safety 

The  heat  powder  used  in  the  Pinellas  Plants  thermal 
batteries  is  iron/potassium  perchlorate  blends  varying  from 
88%Fe/12%KC104  to  84%Fe/16%KCI04.  Thes  owders  have 
been  classified  variously  from  flammable  solids  u  .plosives  1.3. 
The  powders  are  received  in  small  b.ngs  in  approximately  one 
gallon  containers  and  are  stored  in  minimum  quantities  to 
minimize  dangers.  Powder  handling  is  limited  to  dry  rooms. 
Screening  of  heat  powder  and  transfer  to  jars  for  special  handling 
is  performed  in  an  air  curtain  bench.  Wrist  grounding  straps  are 
worn  when  screening  the  powders.  Latex  gloves  are  required  when 
handling  the  material  in  powdered  form.  Heat  powder 
contaminated  surfaces  are  cleaned  with  a  canister  type,  high 
efficiency  particulate  air  (HEPA)-filtc.'ed  vacuum  cleaner,  except 
when  large  amounts  of  powder  are  to  be  cleaned  such  as  from  an 
accidental  spill. 

Battery  stacking  stations  have  been  constructed  using  a 
remotely  operated,  quick  release  canister  system  containing 
Lith-X  (Western  Litho  Plate  and  Supply  Co.)  extinguishing 
material  which  is  dropped  over  and  surrounds  an  ignited  battery 
stack  to  control  the  burn.  Premature  ignition  may  result  during  the 


application  of  glass  tape  to  battery  stacks  if  static  electrical 
potential  is  sufficient  to  precipitate  an  electrical  arc.  Personal 
grounding  is  required  during  pellet  stacking.  Pressure 
compensating  stack  presses  are  not  utilized  for  wrapping  of 
Li(Si)/FeS2  batteries  because  if  burning  is  accidentally  started  the 
press  acts  to  squeeze  separator  out  of  the  stack  increasing  anode  to 
cathode  contactability. 

Iron  Disulfide  Purification 

Results  on  the  techniques  of  size  reduction  and  purification 
of  iron  disulfide  have  been  reported  previously  and  only  a 
summary  and  brief  update  on  this  process  will  be  reported  here 
The  iron  disulfide  is  ground  and  sized  and  then  purified  by  acidic 
washings.  The  iron  disulfide  is  leached  with  concentrated 
hydrogen  fluoride  (HF)  acid  to  remove  quartz  (Si02)  impurities 
and  siliceous  gangue  that  act  to  reduce  the  effective  capacity  of  the 
FeS2.  These  materials  are  generally  held  below  2%  by  weight  I*)- 
Concentrated  hydrochloric  acid  (HCl)  is  used  to  remove 
acid-soluble  Fe  impurities  and  any  other  electroactive  impurities 
that  affect  the  voltage  output  of  the  battery. 

The  use  of  concentrated  HF  requires  elaborate  precautions 
because  of  the  health  and  safety  hazards  it  presents  to  personnel 
handling  it.  Solutions  of  HF  generate  corrosive  fumes  and  must  be 
used  in  a  strictly  controlled  environment  with  adequate  ventilation. 
Concentrated  HF  can  cause  severe  bums  and  ulcerations  upon 
contact  with  the  skin.  In  addition,  there  are  substantial  costs  and 
problems  associated  with  disposal  of  waste  HF  solutions. 

A  reaction  kettle  is  used  for  the  purification  step.  The  acids 
are  prediluted  and  handled  with  double  wall  piping.  Personnel  are 
not  exposed  to  the  acid  at  any  time. 

Dry  Powder  Blending  Without  Freon® 

One  step  in  the  procedure  for  the  preparation  of  small 
batches  of  the  separator  mix  is  mixing  MgO  into  the  LiCl/KC! 
powder  using  Freon  and  a  Waring  Products  Blender.  Freon  served 
as  a  good  mixing  media  because  it  did  not  contaminate  the  powders 
and  was  easy  to  evaporate  away  after  mixing,  but  its  use  is  being 
discontinued  at  the  Pinellas  Plant  because  of  its 
chlorofluorocarbons  committee  (CFC)  classification.  The 
powders  are  now  being  dry-blended  in  a  Turbula®®  mixer  for 
approximately  30  minutes.  The  sides  of  the  jar  must  be  scraped 
down  by  hand  several  times  during  mixing  to  assure  a  complete 
mixing.  The  completed  mixture  is  then  fused,  crushed  and  ground, 
sized  and  stored. 

Aqueous  Decreasing  of  Metal  Parts 

Work  was  performed  to  evaluate  the  effectiveness  of 
several  CHC/CFC  solvent  replacements  in  removing 
contaminants  from  304L  stainless  steel  coupons.  Contaminants 
evaluated  were  various  mixtures  of  fatty  acids,  mineral  oils, 
sodium  and  potassium  hydroxides,  pine  oil,  monohydric  alcohols, 
petroleum  hydrocarbons,  ethers  and  silicone  grease. 
Approximately  ten  cleaner  materials  were  evaluated  including 
aliphatic  hydrocarbons,  aliphatic  esters,  terpenes  and  mixtures.  No 
“universal"  cleaner  among  the  selected  cleaning  agents  was  found. 
Oakite  Products,  Inc.,  Aluminum  Cleaner  NST,  a  mild  alkaline, 
aqueous  mixture  with  organic  and  inorganic,  aliphatic  and 
aromatic  ingredients,  was  selected. 
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A  water-drop  contact  angle  technique  was  used  as  a  rapid 
method  for  measuring  surface  cleanliness.  The  correlation  of 
contact  angle  measurements  to  surface  cleanliness  was 
investigated  using  a  limited  XPS  analysis  of  cleaned  coupons.  The 
XPS  data  showed  that  as  the  contact  angle  increased,  the  amount 
of  surface  carbon  increased  with  a  concomitant  decrease  in  the 
oxygen  level.  This  indicated  that  the  coupons  with  high  contact 
angles  had  more  contamination  than  the  coupons  with  low  contact 
angles. 

Toluene  Diisocvanite  (TDD  Reduction  in  Lithium  Ambient 
Batteries  and  Dtiuble  Laver  Capacitor  Packs 

TDl  is  an  ingredient  in  polyurethane  elastomers  and  resins 
used  in  the  Pinellas  Plant  in  the  manufacture  of  several  Lithium 
Ambient  Battery  Packs  and  Double  Layer  Capacitor  Packs.  Goals 
were  set  to  eliminate  or  reduce  the  amount  of  TDI,  a  suspected 
carcinogen,  used. 

We  use  an  elastomeric  system  to  glue  parts  together  and 
changed  from  Adiprene®  L-lOO  (10%  free  TD!)  and  Cyanacure 
(amine  curing  agent)  to  PET  90  with  only  0.05  %  free  TDI,  used 
with  E  300  amine  curing  agent.  In  addition  to  a  reduction  in  the 
TDI,  the  new  system  also  gave  higher  butt  tensile  adhesion 
strengths  (227  versus  882  psi)  and  higher  lap  shear  adhesion 
strengths  (989  versus  677  psi). 

TDI  was  also  reduced  in  the  polyurethane  potting  resin  by 
substituting  the  TDI  with  polymeric  methylene  diphenyl 
diisocyanate  (MDl)  and  reformulating  the  resin.  The  two  systems 
gave  similar  base  line  strengths,  fill  characteristics  and  adherence 
to  metal  and  plastic  parts  when  confined  to  rise  to  similar  densities. 
The  MDI  system  had  a  higher  free  rise  volume  and  shorter  pot  life. 
The  change-over  was  authorized  for  certain  products. 

Low  Hazardous  Solder  Flux  Removal  Materials 

Double  Layer  Capacitor  (DLC)  Packs  are  constructed  and 
evaluated  at  the  Pinellas  Plant.  Safety  considerations  necessitate 
minimization  or  elimination  of  certain  chemicals  commonly  used 
in  solder  cleaning/flux  removal  processes;  particularly 
Trichloroethane  (TCE)  at  the  Pinellas  Plant.  The  soldering 
involves  cable  attachment  to  connectors  and  splice 
interconnection  between  DLCs.  Attempts  to  solder  the  cables  to 
the  connectors  using  fluxless  soldering  failed  because  of  poor 
wetting  of  the  solder.  Use  of  alcohol  only  for  cleaning  gave  poor 
flux  removal.  Therefore,  other  candidate  materials  were  evaluated 
as  both  a  presolder  cleaner  and  a  solder  delluxer. 

D-Limonene  and  Citridet,  terpene  based  products,  were 
evaluated  with  fair  results  but  did  not  yield  the  best  cleaning  based 
on  visual  and  Epi-fluorescence  microscopy.  In  addition  it  appears 
that  the  handling  requirements  for  strong  terpene  cleaning 
solutions  will  not  differ  greatly  from  those  needed  for  present 
materials. 

Three  additional  non-aqueous,  non-terpene  based  products 
(Armakleen  2000,  lonox  HC  and  SAI  2000)  were  evaluated  and 
gave  good  to  very  good  results.  S.\]  2000  gave  superior  results.  All 
flux  was  removed  including  that  which  wicked  up  between  the 
wires  and  insulation.  TCE  and  the  other  candidates,  which  left 
traces  of  flux  behind,  were  inadequate  to  clean  the  wicked  flux.  No 


solvent  residues  were  found  by  FTIR,  Auger,  or  SEM  examination. 
Accelerated  coriosion  testing  (ASTM  D2247;  100%  Humidity  at 
100°  F  for  7  days)  did  not  generate  any  corrosion. 

Upon  humid  exposure  a  green  exudate  was  observed  which 
appears  to  be  Copper  Abietate  Dehydrate.  Upon  tinning  the  wires, 
the  tinning  rosin  creeps  a  slight  distance  up  the  wire/insulation 
interface.  Upon  subsequent  cleaning  the  capillary  motion  can 
transport  dilute  rosin  further  up  the  wires.  The  abietic  acid  reacts 
with  the  copper  through  any  cracks  in  the  silver  on  the  wires.  The 
resulting  product  is  non-corrosive  and  no  harmful  effects  have 
been  discovered;  however  it  is  an  aesthetic  issue  1^1- 

The  new  cleaner  was  less  harmful  to  the  connector  than  the 
TCE  had  been.  Gasket  material  in  the  connector  experienced  a 
220%  weight  change  when  stored  immersed  in  TCE  but  only  a 
100%  change  in  the  new  cleaner.  This  appears  to  be  leaching  of  the 
plasticizer  out  of  the  gasket  material. 

Tank  Round  and  Bomb  Retrofit  Batteries 

In  support  of  the  dual  use  program,  studies  are  underway 
aimed  at  making  the  Pinellas  Plant's  equipment  and  technology 
available  for  other  than  DOE  dedicated  use;  that  is,  in  DoD  or 
commercial  applications.  In  particular  the  thrust  is  to  transmute  the 
very  high  reliability  battery  design  and  manufacturing 
methodologies  into  an  optimized  cost/reliability  production 
capability.  Higher  production  rate  methods  are  being  developed 
while  designing  appropriate  reliability  levels,  specific  to  each 
application,  into  the  batteries. 

Initial  optimization  thrusts  are  towards  typical  system 
power  and  higher  voltage  control  battery  designs. 
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Unique  electrochemistries  and  battery  conflguratirxis 
powering  pmtable  electronic  devices  may  no  longer  meet  the 
changing  military  primities  for  the  twenty-first  century.  The  first 
major  primity  change  occurred  several  years  ago  ivhen  the  Army 
assessed  the  cost  of  batteries  directly  to  the  military  unit 
consuming  the  batteries  rather  than  to  a  general  support  fund. 
Increased,  negative  feedback  caused  Program  Managers, 
developers  and  logisticians  to  realize  the  balance  between  cost  and 
readiness.  Next,  the  soldier's  complaints  focused  upon 
performance,  availability  and  cost.  The  typical  comment  was 
"Why  cant  we  purchase  high-quality,  cheap  batteries  from  the 
local  supermarket?"  Recognize  that  the  expected  performance 
related  to  lightweight,  high  energy  dense  lithium  non-rechargeable 
batteries.  A  further  complication  affecting  the  trade-off  between 
performance  and  military  objectives  is  the  desire  for  small,  light, 
more  powerful,  more  energetic  and  safer  batteries  to  give  the 
soldiers  a  wirming  advantage  on  any  battlefield  whether  in  actual 
combat  or  training. 

Manpower  and  monetary  cutbacks  affect  us  all.  In  the 
military  this  simply  means  do  more  with  less.  We  have  a 
multifaceted  approach  that  addresses  our  needs;  our  procurement 
methods  and  strategies;  and  our  research  and  development 
objectives.  Performance  attributes  of  future  battlefield 
requirements  necessitate  careful  scrutiny  to  establish  operational 
readiness  or  military  need  documents  reflecting  decisive  weapons 
and  devices  yet  attainable  within  the  manpower  and  fiscal 
constraints.  This  process  coordinates  the  material  and  system 
developers  with  the  combat  doctrine  developers.  New  players  in 
this  process  are  the  Battlelabs.  The  procurement  process  has 
demonstrated  "best  value"  type  solicitations  along  with  multiyear 
delivery  schedules  in  order  to  obtain  required  batteries  in 
sufficient  quantities  at  acceptable  prices  fron,  a  stable  industrial  or 
commercial  base. 

The  remainder  of  this  paper  will  focus  on  blending  our 
research  and  development  objectives  with  industrial  or 
commercial  interests  and  to  relate  dual  use  technologies  to  specific 
non-rechargeable,  rechargeable  and  alternative  power  sources  as 
well  as  Army  specific  applications. 

General  Discussion 

For  this  paper,  dual  use  technologies  are  those  electronic 
or  electrochemical  processes  and  products  allowing  both  the 
military  and  commercial  or  industrial  users  to  benefit.  A  prime 
example  is  the  family  of  alkaline  cells.  Standardized  in  size  and 
voltage,  readily  available  throughout  the  world,  and  produced  by 
the  millions,  these  relatively  inexpensive  cells  power  hundreds  of 
military  electronic  devices  and  thousands  of  commercial  devices 
in  all  sectors  of  society.  Competition  in  a  growing  marketplace 
keeps  the  price  low  and  availability  high.  Stability  exists.  On  the 
negative  side,  alkaline  batteries  are  inadequate  or  inappropriate 
for  ail  applications.  Cameras,  computers,  telephones  and  tools 
generally  require  smaller,  lighter,  more  energetic  alternatives  than 
alkaline. 


E)ozens  of  papers  at  this  fonim  and  numerous  other 
meetings  have  defined  exciting  new  breakthroughs  in  electrodes, 
electrolytes,  systems,  materials,  processes  and  applications. 
Creating  a  win-win  cmnbinatimi  for  these  new,  electrochemical 
advances  is  really  our  challenge  for  the  near  and  far  terms  if  we 
are  truly  to  benefit.  Table  1  is  a  partial  listing  of  various 
electrochemical  and  related  systems  favnable  as  dual  use 
technologies  and  the  near-term  likelihood  of  being  Gelded  by  the 
Army.  Shown  are  conventional  non-rechargeable  and 
rechargeable  battery  technologies  as  well  as  alternative  power 
source  considerations. 

Table  1 


POTENTIAL  DUAL  USE  TECHNOLOGIES 


Lithium  Manganese  Dioxide 

Non-rechargeable 

High 

Lithium  Thionyl  Chloride 

Non-rechargeable 

Medium 

Metal  Air 

Non-rechargeable 

Medium 

Lithium  Sulfuryl  Chloride 

Non-rechargeable 

Low 

Lead  Acid,  Sealed  and  Gelled 

Rechargeable 

High 

Nickel  Metal  Hydride 

Rechargeable 

High 

Lithium  Ion 

Rechargeable 

High 

Metallic  Lithium 

Rechargeable 

Medium 

Metal  Air 

Rechargeable 

Medium 

Lithium  Polymer 

Rechargeable 

Low 

State-Of-Charge 

Alternative 

High 

Power  and  Energy  Management  AltemaGve 

High 

Solar 

AltemaGve 

Medium 

Thermal  Photovoltaic 

Alternative 

Low 

Non-rechareeable  Technologies 

Of  the  four  non-rechargeable  technologies  listed,  the 
first  three  systems  currently  power  one  or  more  military,  pmtable 
devices.  These  systems  are  by  no  means  fully  developed,  neither 
for  performance  nor  conflguraGon.  The  fourth  is  under 
development  for  possible  use  in  the  Land  Warrior  or  Soldier 
System.  Our  reasons  for  considering  these  four  are  demonstrated 
in  Figure  1  which  shows  the  relative  energy  densides  of  the 
alternatives.  Lithium  Sulfur  Dioxide  is  plotted  as  representadve 
of  the  standard  for  combat  operation  of  Command,  Control, 
Communication,  Computer  and  Intelligence  (C4I)  equipment. 
Clearly,  performance  is  very  desirable. 

Lithium  Manganese  Dioxide  (LMD)  and  Lithium 
Thionyl  Chloride  (LTC)  batteries  operate  relatively  low  power 
commercial  and  military  devices.  The  Mini  Eyesafe  Laser  Infia- 
red  Observation  Set  (MELIOS),  currently  in  development, 
requires  relatively  high  power  Gom  a  small,  lightweight  battery. 
Recent  attempts  to  use  commercially  available  LMD  cells 
packaged  into  eight  or  nine  cell  battery  configurations  were 
unsuccessful  due  to  performance  limitations.  The  Army  also 
developed  a  LTC  battery,  the  BA-6516AJ,  to  meet  the  MELIOS's 
performance  objectives.  For  another  device,  the  Thermal  Weapon 
Sight  (TWS),  also  needing  high  power,  light  weight,  and  sufficient 
energy  to  last  over  12  hours,  we  identifled  a  LTC  battery,  the  BA- 
6847AJ,  to  meet  the  performance  requirements.  However,  the 
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expected  high  costs  of  these  unique  LTC  batteries  dictate  a 
reevaluation  of  the  requirements  of  the  MELlOS's  and  TWS's 
missions.  Can  we  identify  other  battery  types  that  are  more 
justifiable  in  terms  of  dollars  per  mission  or  "best  value"? 

Let's  view  the  above  examples  as  positive  endorsements 
of  dual  use  technologies.  All  were  attempts  to  adapt  readily 
available  products  into  new  applications  for  mutual  gain. 

Potential  benefits  to  the  Army  were  decreased  developmental  costs 
since  the  battery  industry  was  already  knowledgeable  about  each 
battery  chemistry  from  its  own  research,  development  and 
production  experience.  Industry  stood  to  gain  by  selling  an 
existing  cell  size,  without  costly  engineering  or  design  costs,  using 
existing  production  equipment  and  tooling.  Maybe  we  were 
premature.  The  performance  and  cost  trade-offs  must  still  be 
resolved  before  we  attain  true  dual  use. 

Investigations  of  potential  solutions  are  underway.  The 
LMD  electrochemistry  can  be  packaged  in  cylinders  or  in  foil 
packets  or  pouches.  With  and  without  government  sponsorship, 
industry  is  pursuing  development  aimed  at  increasing  the  power 
and  energy  available  from  a  given  battery  size  by  incorporating  flat 
plates  of  electrodes  and  electrolytes  sandwiched  together  and 
sealed  in  foil  pouches.  This  will  allow  greater  volumetric 
efficiency  and  due  to  material  handling  simplifications  will  allow 
decreased  production  costs.  With  the  introduction  of  commercial 
applications  such  as  laptop  computers,  a  slow  but  increasing 
demand  is  foreseen  for  power  and  energy  from  small,  lightweight 
batteries.  This  may  spur  the  advancement  of  cylindrical  LMD 
cells  with  higher  rate  capabilities. 

We  are  less  enthusiastic  about  the  LTC  than  the  LMD. 
Over  the  next  two  to  three  years,  design  changes  to  achieve  lower 
costs  must  also  maintain  performance  features  without 
compromising  safety.  Technical  approaches  in  this  direction  are 
not  promising.  While  an  order  for  tens  of  thousands  of  batteries 
could  reduce  the  cost,  justification  of  large  purchase  orders  from 
the  Army  for  unique  LTC  batteries  is  questionable  at  this  time. 

Metal  air  batteries  find  use  in  the  military  primarily  for 
special  missions  with  highly  trained  operators.  Commercially, 
metal  air  batteries  are  in  low  power  hearing  aids,  emergency 
equipment  and  special  purpose  devices.  With  the  exception  of 


the  hearing  aid  batteries,  few  batteries  are  purchased  or  used, 
availability  is  restricted  and  costs  are  high.  Zinc  and  Aluminum 
air  batteries  have  shown  promising  advances  in  power  and  energy 
densities.  However,  continued  advances  are  needed.  The  ability 
to  add  water  available  at  the  site  of  use  makes  these  systems 
attractive  to  a  growing  number  of  military  users. 

The  potential  for  the  highest  energy  density  of  sealed  batteries 
makes  the  Lithium  Sulfuryl  Chloride  (LSC)  battery  very  attractive 
for  the  military.  The  2 1  st  Century  Land  WarricH’  and  Soldier 
System  require  power  to  operate  an  electrrmic  package  integrating: 
two  radios,  a  global  positioning  system,  day  and  night  vision 
enhancement,  target  detection,  aiming  assist,  a  cmnputer,  displays 
and  possibly  a  backpack  cooler.  Ideally  a  battery  complement  will 
operate  the  non-cooling  systems  at  an  average  of  10  watts  for  up  to 
72  hours.  Operating  at  250  watts,  the  coolo'  demands  very  high 
power.  Practical  limitations  on  size,  weight  and  energy  will 
reduce  the  mission  time  for  a  battery  operated  cooler  to  four  hours 
—  far  less  than  the  full  mission.  High  energy  is  the  key  for  the 
remainder  of  the  system  and  energy  translates  into  weight  or 
energy  density.  Weight  and  volume  are  extremely  critical  since 
the  soldier  must  carry  all  the  electronics  plus  his  normal  combat 
gear.  Early  awareness  of  probable  performance  characteristics 
and  costs  will  help  direct  our  elTorts  toward  a  viable  solution.  As 
shown  above  for  the  TWS,  meeting  only  one  of  the  parameters  is 
not  acceptable.  Performance,  cost  and  availability  must  be 
improved  for  the  LSC  to  enter  the  Army's  inventory.  Additional 
commercial  interest  is  necessary  for  it  to  become  an  effective  dual 
use  technology.  Our  preliminary  effoils  are  aimed  at: 
improvements  in  power  density  without  a  compromise  in  energy 
density,  and  overcoming  self  discharge. 

Rechargeable  Technologies 

Until  recently,  the  Army  utilized  very  few  rechargeable 
batteries  in  C4I  equipment.  These  applications  usually  required 
power  levels  beyond  that  attainable  from  primary  batteries,  i.e., 
the  AN/GVS-5  laser  rangefinder  and  the  AN/TAS-4  TOW  missile 
launcher.  The  predominate  choice  was  Nickel  Cadmium  — 
certainly  a  dual  use  technology.  Sealed  Lead-acid  was 
occasionally  used. 

Today  we  are  faced  with  new  philosophies  on  cost, 
training  and  the  environment.  Cost  has  risen  in  importance,  the 
phrase  "train  as  you  fight"  no  longer  applies  in  all  peacetime 
training  exercises.  Simply  stated,  rechargeable  batteries  can  save 
significant  money  during  peacetime  training.  The  greatest  gains 
exist  A^en  the  rechargeable  battery's  characteristics  match  those 
of  the  replaced  primary  battery  during  training  missions.  The  high 
potential  for  cost  avoidance  resulting  from  rechargeable  batteries 
drives  the  Army  to  identify,  develop  and  use  improved 
rechargeable  batteries.  Adapting  our  needs  to  utilize  dual  use 
technology  increases  the  benefit. 

Figure  2  shows  the  potential,  dual  use,  rechargeable 
electrochemistries  and  their  relative  energy  densities.  The  sealed 
or  gelled  Lead-acid  batteries  offer  few  performance  advantages 
over  the  Nickel  Cadmium.  They  do  offer  low  cost  and  are  readily 
available  in  a  variety  of  sizes.  Their  biggest  drawback  is  weight 
per  hour  of  use  making  them  unsuitable  for  most  conventional 
Army  missions  of  moderate  length.  For  use  in  the  AN/PRC-1 1 9, 
SINCGARS  radio,  a  Lead-acid  battery  weighing  slightly  less  than 
two  kilograms  will  operate  for  about  6  hours.  The  corresponding 
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primary  battery,  BA-5590/U,  weighing  one  kilogram  operates  for 
24  hours. 


Nickel  metal  hydride  batteries  offer  a  reasonable 
increase  in  energy  density  and  are  emerging  as  one  of  the 
preferences  for  commercial  video  cameras,  cellular  telephones  and 
laptop  computers.  Eletailed  chemical,  design  and  performance 
characteristics  of  these  and  other  new  rechargeable  batteries  are 
discussed  elsewhere  in  the  proceedings  by  George  Au  and  Martin 
Sulkes.  The  first  adaptation  of  this  chemistry  by  the  Army  will  be 
as  a  replacement  for  a  6  volt,  7  ampere-hour,  primary  battery,  the 
BA-5847AJ,  to  support  the  fielding  of  tlie  Thermal  Weapon 
Sight.  This  battery  will  contain  commercial  cells  not  optimized 
for  the  BA-SMTAJs  volume.  Potential  for  success  is  high. 
Optimization  requires  a  blend  of  performance  traits  and  choice  of 
the  most  cost  effective  cell  size.  The  latter  is  driven  by 
conunercial  applications. 

Lithium  ion  batteries  are  begitming  to  appear  in  small 
quantities  in  relatively  small  cell  sizes  from  a  limited  commercial 
base.  Performance  attributes  favor  continuation  of  this  product  for 
both  military  and  commercial  applications.  Our  development 
efforts  address:  increasing  the  cell  size  to  a  "D"  cell;  maintaining 
safety,  and  optimizing  the  charge  process  without  degrading  the 
cycle  life,  depth-of-discharge  or  energy  characteristics.  With  over 
40  Army  portable  C4I  s>'stems  designed  to  operate  from  the  BA- 
5590/U  and  an  expected  large  usage  in  the  TWS,  our  major  thrust 
centers  on  the  "D"  cell.  Our  belief  is  that  Lithium  ion  batteries 
require  the  additional  development  before  they  will  replace  the 
Nickel  metal  hydride  system.  Commercial  advances  will  be 
watched. 


Metallic  Lithium  has  demonstrated  superior 
performance  for  a  rechargeable  battery.  However,  limited 
supporting  data  coupled  with  earlier  safety  failures  foster 
skepticism.  Numerous  breakthroughs  in  electrolytes  and 
electrodes  foretell  great  things  are  about  to  happen.  Time  'will 
tell.  Realistically  the  introduction  of  a  cost  effective,  logistically 
available,  metallic  Lithium  battery  as  both  a  commercial  and  a 
military  battery  within  the  next  three  years  is  doubtful. 

Another  battery  system  of  medium  risk  is  the 
rechargeable,  metal  air.  While  limited  cycle  life  is  possible,  the 
ability  to  remove  and  replace  the  electrolyte  and  electrodes  has 
benefits.  Negligible  Army  funds  are  pursuing  this  technology.  As 


with  its  non-rechargeable  counterpart,  applications  tend  to  be 
special  purpose  both  in  the  military  and  commercially. 

The  last  rechargeable  system  of  interest  is  the  Lithium 
polymer.  Prototypes  exist  but  tend  toward  low  rate  designs. 
Conceptually  a  bi-polar  arrangement  of  thin  membranes,  produced 
by  inexpensive  lamination  techniques  will  benefit  the  Army  and 
create  many  new  cotrunercial  applications.  With  current  research 
focusing  on  fundamental  properties,  i.e.,  conductivity  of 
membranes  and  electrolytes,  {voduction  quantities  will  not  exist 
for  many  years. 


Alternative  Technologies 

State-of-charge  (SOC),  power  and  energy  management 
technologies  offer  an  immediate  benefit.  Battery  power  is 
expensive  by  comparison  to  1 10  volt  AC  power.  Discarding  a 
partially  used  battery  and  powering  circuits  when  not  needed 
wastes  expensive  energy. 

SOC  meters  and  circuits  exist  for  Lithium  Sulfur 
Dioxide  batteries.  The  meter  determines  remaining  capacity  only 
when  the  battery  is  removed  from  its  equipment.  A  good  concept 
for  depots  but  of  limited  use  to  soldiers  in  combat.  Our 
experience  with  SOC  circuits  showed  they  were  accurate.  Costing 
S2  to  $5,  they  are  not  yet  cheap  enough  for  installation  in  every 
battery.  When  such  a  circuit  is  developed,  users  of  the 
SINCGARS  radio,  which  was  already  modified  to  accept  a  SOC 
input,  will  benefit. 

Power  and  energy  management  begin  with  the  functional 
design  of  equipment  and  continue  throughout  the  entire 
development  process.  Low  voltage  analog  and  digital 
microelectronics,  reconfigurable  architectures,  auto-shutdown  and 
adaptive  sleep  modes  are  emerging  as  potential  approaches.  Our 
guidance  to  industry  is  design  not  to  use  power,  design  the  most 
efficient  circuits  and  then  conserve  energy  whenever  possible. 

Applications  for  solar  and  thermal  photovoltaic 
technologies  are  increasing  though  still  limited  to  special 
purposes,  i.e.,  float  charge  and  small,  low  power  devices. 
Obviously  the  Army  can  not  rely  on  the  availability  of  abundant 
sunshine.  We  can  not  expect  to  create  artificial  sunlight  while  on 
the  move  in  combat.  Hopefully,  peacetime  training  exercises  will 
foster  creative  applications  as  the  power  per  square  meter 
increases.  An  immediate,  large  scale  change  is  unlikely. 

Fuel  cells  are  of  benefit  when  mission  times  are  long, 
power  is  relatively  high  and  low  weight  is  critical.  The  Soldier 
System's  backpack  cooler  is  a  good  example.  Industrial 
consortiums,  private  enterprise  and  government  agencies  promise 
prototypes  within  the  next  few  years,  however,  production  of  fuel 
cells  meeting  the  Army's  missions  is  not  likely  until  the  end  of  the 
century. 

Conclusions 


Changes  in  economics,  politics,  threat  and  technology 
perturb  our  priorities.  Elevation  of  cost  increases  the  desirability 
of  rechargeables.  Who  and  where  we  fight  alter  how  we  fight  and 
hence  redefine  equipment  performance.  Scientific  breakthroughs 
occur  but  are  imscheduled.  Our  plans  for  the  future  blend  our 
priorities  with  industry  concerns.  Incorporation  of  dual  use 
technology  is  seen  as  critical  if  the  Army  is  to  achieve  its  goals  in 
a  rapid,  cost  effective  marmer. 
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Update  on  the  USN  Program  to  Reduce  Aircraft  Battery  Maintenance  Costs 


Baird  C.  Newman 
Crane  Division 
Naval  Surface  Warfare  Ctr. 
Crane,  IN  47522 


Paul  A.  Scardaville 
Saft  America  Inc. 
711  Industrial  Blvd. 
Valdosta,  GA  31601 


Flight  Test  Program 

In  January  1993,  three  Saft  batteries.  Ultra  Low  Main¬ 
tenance  versions  of  MIL-B'81757/9  (or  BB433),  were 
entered  into  a  14-month  flight  test  at  Camp  Pendleton, 
California. 

One  battery  was  assigned  to  each  of  three  USMC  Hel¬ 
icopter  Squadrons  flying  AH-1  helicopters.  The  batteries 
are  kept  in  constant  use. 

One  battery  was  capacity  checked  at  2  months,  the  sec¬ 
ond  at  4  months,  and  the  third  at  8  months.  No  water 
additions  were  made.  All  three  batteries  were  clean  when 
checked,  with  only  microampere  case  leakage  currents 
observed.  Capacities  measured  have  been  above  mini¬ 
mum  specification  requirements. 

On  1  March  1994,  all  batteries  will  be  checked  again. 
Thus,  the  second  round  maintenance  free  intervals  on 
the  14  month,  1  March  1994,  checkpoint  will  be:  12 
months  since  recharge  at  2  months;  10  months  since 
recharge  at  4  months;  and  6  months  since  recharge  at  8 
months. 

20  Ah  (MlL-B-81757/8  &  ///)  Prototype 
A  prototype  for  the  20  Ah  batteries  was  supplied  by  Saft 


in  November  1993.  This  battery  has  also  demonstrated 
superior  cycling  capabilities,  power,  and  capacity  as 
compared  to  the  standard  QPL  20  Ah  battery.  At  cycle 
1200  of  the  MIL-81757  standard  cycle  test  (except  for 
shorter  rests  and  recharge  times  1/2  of  the  standard), 
the  ULM  battery  performance  is  better  than  the  cycle 
46  performance  of  the  standard  MIL-B-81757  20  Ah 
batteries. 

Schedule  for  Submission  of  Qual.  Test  ULM  Batteries 

(1)  MlL-B-81757/8  and  /1 1  formats,  20  Ah: 
December  1993 

(2)  MIL-B-81757/7  format,  10  Ah: 

December  1993 

Schedule  for  Submission  of  Prototype  Evaluation  Bat¬ 
teries: 


Size 

Applica- 

tion 

Date 

15  Ah 

F-18E/F 

November  1993 

17  Ah 

AH-64 

January  1994 

7  Ah 

UH/AH-60 

February  1994 

35  Ah 

AHIW 

April  1994 
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EVALUATION  OF  COMMERCIAL  AA-SIZE  LITHIUM  CELLS 
FOR  NAVY  MINE  APPLICATIONS 


Julie  A.  Banner,  Clinton  S.  Winchester  and  William  P.  Kilroy 
Naval  Surtace  Warfare  Center,  Silver  Spring,  MD 


Table  1.  Test  Cell  Characteristics 


Chemistry 

Model 

Design 

Rated  Capacity 

EP 

Li/SOCIa 

LTC-30P 

Prismatic 

2.6  Ah  6  7.4  mA 

Ie>i 

Li/SOCIa 

QTces 

Bobbin 

1.9  Ah  @  0.1  mA 

I  PCI 

Li/SOCIa 

TCL  T06/41 

Bobbin 

1.8  Ah  d  0.18  mA 

SAFT 

Li/SOCIa 

LS6 

Bobbin 

1 .8  Ah  0  3  mA 

Varta 

Li/MnOa 

CRAA 

Bobbin 

2Ah  0  2mA 

Abbreviations  in  Table  1 :  Ampere-hours  (Ah),  milliamperes  (mA) 


Introduction 

The  Navy  is  establishing  a  “Standard  Family  of  Cells 
for  Navy  Mine  Applications”  in  an  effort  to  reduce  the 
expense  and  increase  the  availability  of  batteries  for  Navy 
mine  and  mine  countermeasure  systems.  The  Standard 
Family  currently  includes  #6-,  C-  and  A-size  cells.  It  is  our 
goal  to  identify  a  commercially  available,  AA-size  lithium  cell 
to  become  the  fourth  member  of  this  standardized  group  of 
cells. 

A  survey  of  commercially  available  lithium  AA-size 
cells  was  completed. ^  Eight  different  lithium-based 
chemistries  produced  in  the  AA-size  were  considered  as 
potential  candidates  for  testing.  After  performing  a  critical 
evaluation  of  performance  data,  product  availability,  and 
level  of  technical  maturity,  five  cell  models  were  chosen  for 
in-depth  testing  and  evaluation.  Cells  were  ordered  from 
either  the  manufacturer  or  an  authorized  distribution  house 
in  February  of  1992. 


An  initial  inspection  was  performed  on  all  cells  upon 
receipt  at  the  laboratory.  The  following  data  were  taken: 
open  circuit  voltage,  weight  and  AC  resistance.  Closed 
circuit  voltage  tests  were  performed  with  a  200L2  load  on  ten 
cells  from  each  manufacturer,  five  at  ambient  temperature 
and  five  at  -2°C. 


The  test  plan  was  based  on  requirements  that  are 
characteristic  of  mine  and  mine  countermeasure  power 
sources.  Test  parameters  were  taken  from  weapon 
specifications  for  six  power  supplies  that  would  be  targeted 
for  replacement  using  the  new  AA-size  cell.  Variables  in  the 
test  plan  included  four  discharge  rates,  three  pulse  loads, 
three  discharge  temperatures,  three  storage  temperatures, 
and  two  storage  durations.  This  report  summarizes  the 
performance  of  the  five  cell  models  tested  using  this  test 
plan.  This  evaluation  effort  will  be  continued  as  cells  with 
other  chemistries  and  designs  are  added  to  the  commercial 
market. 

Some  mine  applications  require  a  low-magnetic 
signature  power  source.  Preliminary  studies  indicated  that 
commercially  available  cells  do  not  meet  this  requirement. 
However,  the  magnetic  signature  is  a  secondary 
characteristic  of  a  desirable  cell  technology.  The  primary 
emphasis  of  this  program  was  to  characterize  the 
performances  of  cells  under  discharge  conditions  typical  of 
mine  warfare  applications. 

Experimental  Methods 

Four  lithium/thionyl  chloride  (Li/SOCl2)  cell  models 
and  one  lithium/manganese  dioxide  (Li/MnOa)  cell  model 
were  chosen  for  evaluation.  The  manufacturers  of  the 
Li/SOCIa  cells  wer";  Electrochem  Industries  (E»l),  SAFT 
France,  Power  Co  ersion,  Inc.  (PCI),  and  Eagle-Picher 
(EP).  T^e  E«l  cells  were  manufactured  for  E»l  in  Japan.  The 
Li/MnOa  cells  were  purchased  from  Varta.  Table  1  lists  the 
manufacturers  of  the  test  cells  along  with  the  cells’ 
chemistries,  model  numbers,  designs  and  rated  capacities. 
The  EP  cell  should  not  be  considered  a  standard  AA-size 
cell  because  it  is  a  square  prism  instead  of  a  cylinder.  This 
volume  difference  accounts  for  the  -25%  additional  rated 
capacity  as  compared  to  the  other  four  cell  designs. 


All  cells  were  discharged  using  resistive  loads.  The 
cells  were  fixed  in  a  horizontal  position  during  discharge. 
Unless  othenvise  indicated,  five  cells  per  manufacturer  were 
used  for  each  test.  The  cells  to  be  discharged  fresh  were 
kept  in  a  refrigerator  at  10°C  prior  to  testing.  Cells  to  be 
discharged  after  high  temperature  storage  were  stored  in 
calibrated  environmental  chambers  (Tenney  Jr.  units).  Cells 
were  allowed  to  equilibrate  at  the  discharge  temperature  for 
at  least  4  hours  prior  to  each  test.  Data  were  taken  using 
Fluke  data  loggers. 

Low  Rate  Tests  and  Results 
3  mA  Discharge  at  23°C 

The  baseline  performances  of  fresh  cells  were 
determined  by  discharging  the  cells  at  3  mA  at  room 
temperature.  At  the  3  mA  rate,  ail  but  the  E»l  cells  met  or 
exceeded  the  manufacturers’  rated  capacities  (see  Table  1) 
to  a  2.0  volt  (V)  cutoff.  The  E»l  cells  were  rated  at  1 .9  Ah  at  a 
0.1  mA  rate  and  provided  an  average  of  1.76  Ah  when 
tested  at  the  3  mA  rate.  While  the  capacity  delivered  by 
these  cells  was  less  than  the  rated  capacity,  the  deviation  is 
not  significant  considering  the  difference  in  rates.  All  cells 
showed  good  voltage  regulation  during  this  test.  The 
Li/SOCIa  and  Li/MnOa  cells  had  mid-discharge  voltages  of 
3.5V  and  2.8V  respectively. 

3  mA  Discharge  at  49°C 

When  fresh  cells  were  discharged  at  3  mA  at  49°C, 
the  average  capacity  of  all  of  the  Li/SOCIa  cells  decreased. 
The  SAFT  cells  lost  8.4%  capacity  relative  to  room 
temperature  discharge  at  the  same  rate.  The  ceils  from  E*l, 
EP  and  PCI  lost  13%,  16.3%  and  17%  respectively.  The 
Li/MnOa  cells  from  Varta  delivered  1 .8%  more  capacity  when 
discharged  at  elevated  temperature. 
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3  mA  Discharge  at  -2°C 

Low  temperature  operatiorr  (-2°C)  is  of  particular 
interest  for  mine  and  mine  countermeasure  power  source 
applications.  Both  SAFT  and  PCI  cells  delivered 
approximately  the  same  capacity  at  -2°C  as  compared  to 
room  temperature  at  a  3  mA  rate.  The  E»l  cells,  however, 
provided  4%  more  capacity  at  -2°C  than  at  room 
temperature.  The  EP  cells  exhibited  a  depressed  discharge 
voltage  and  lost  10%  of  capacity  relative  to  room 
temperature  when  discharged  at  -2°C.  The  Varta  cells  lost 
22%  of  capacity  during  this  low  temperature  discharge  and 
had  a  significantly  lower  mid-discharge  voltage. 

0.25  mA  Discharge  at  -54°C 

Mine  batteries  may  be  required  to  provide  an 
extremely  low  current  for  memory  retention  once  the  system 
has  been  programmed.  Extreme  temperatures  are  reached 
during  high-altitude  transport  on  an  airplane  wing.  To 
simulate  this  scenario,  the  test  cells  were  discharged  at  0.25 
mA  at  -54°C  for  four  days.  The  four  Li/SOCl2  cells  met  the 
minimum  requirement  of  4  hours  and  continued  to  discharge 
in  the  3.3  to  3.5V  range  for  >120  hours,  when  the  test  was 
terminated.  The  E»l  cells  had  the  highest  mid-discharge 
voltage  for  this  test:  3.5V.  The  Li/Mn02  cells  from  Varta  also 
met  the  minimum  requirement,  however  the  voltages 
dropped  to  0  after  28  hours  of  discharge. 

High  Rate  Tests  and  Results 

Most  mine  and  mine  countermeasure  power  sources 
function  for  long  times  at  low  rates.  However,  one  mine 
battery  application  that  is  a  potential  for  retrofit  using  the  AA- 
size  cell  would  require  0.4  Ah  to  be  delivered  at  a  rate  of  50 
mA.  Also,  some  applications  require  a  high  pulse  (>100  mA) 
from  the  power  source,  possibly  near  the  end  of  battery  life. 
Therefore,  tests  were  conducted  on  fresh  cells  to  determine 
the  high  rate  and  pulse  capabilities  of  the  various  test 
models. 

50  mA  Discharge  at  -2°C  with  Pulse 

A  65n  load  was  applied  to  the  Li/SOCl2  cells  for  four 
hours,  followed  by  a  28i2  load  for  >0.5  hours.  The 
corresponding  loads  for  the  Li/Mn02  cells  were  50Q  and 
20£2.  This  test  was  carried  out  at  -2°C.  The  EP  and  the 
Varta  cells  performed  poorly.  During  the  first  four  hours,  the 
EP  cells  delivered  an  average  of  20  mA,  with  a  voltage 
around  1 .25V.  The  Varta  cells  provided  a  peak  of  55  mA 
when  the  load  was  applied,  with  an  initial  voltage  of  2.5V. 
By  the  end  of  the  4  hour  portion  of  the  discharge,  the  current 
had  dropped  to  20  mA,  with  a  corresponding  voltage  of  IV. 
Neither  the  EP  nor  the  Varta  cells  delivered  any  additional 
current  when  the  pulse  load  was  applied. 

The  E»l  cells  discharged  below  2.0V  during  the  50  mA 
portion,  and  provided  an  average  peak  pulse  current  of  only 
45  mA.  Four  of  the  five  PCI  cells  discharged  for  four  hours 
at  50  mA  with  a  flat  voltage  of  about  3V  and  provided  an 
average  peak  pulse  current  of  105  mA.  The  voltage  of  the 


fifth  PCI  cell  fell  to  below  1 .0  volt  upon  application  of  the  load 
and  never  recovered.  The  SAFT  cells  provided  the  best 
performance  in  this  high  rate  test,  with  alt  cells  discharging 
at  50  mA  with  a  voltage  above  3.0V.  These  cells  provided 
an  average  peak  pulse  current  of  1 10  mA. 

High  Rate  Discharge  at  -2°C 

The  second  high  rate  test  was  performed  to  determine 
cell  capacity  to  a  cutoff  of  2.0V.  The  Li/SOCl2  cells  that 
would  not  discharge  with  a  65Q  in  the  first  high  rate  test 
were  discharged  with  a  170i2  load.  The  Varta  (Li/Mn02) 
cells  were  discharged  with  a  1250  load.  A  population  of 
three  cells  per  manufacturer  was  used  in  this  test. 

Table  2  summarizes  the  results.  Only  the  SAFT  and 
the  PCI  cells  met  the  requirement  of  providing  0.4  Ah 
capacity  at  a  50  mA  rate.  The  EP  and  E*l  cells  generated 
some  useful  capacity  when  discharged  at  20  mA.  It  is  clear 
that  the  Varta  cells  were  not  effective  under  these  discharge 
conditions. 


Table  2.  High  Rate  Discharge  Performance 


Manufacturer 

Rate  of  Test  (mA) 

Avg.  Capacity  j 
to  2.0V  (Ah)  j 

EP 

20 

1.35  j 

E»l 

20 

1.49  1 

PCI 

50 

0.89  1 

SAFT 

50 

0.94 

Varta 

20 

0.09 

Storage  Tests  and  Results 


Mine  and  mine  countermeasure  power  sources  are 
routinely  required  to  have  a  shelf  life  of  greater  than  five 
years.  This  long-life  requirement,  when  coupled  with  the 
potential  for  high  temperature  storage  and  low  temperature 
discharge,  provides  a  challenging  scenario  for  a  battery. 
Storage  tests  were  completed  to  characterize  the  response 
of  these  commercial  cells  to  high  temperature  exposure 
followed  by  low  temperature  discharge.  The  following  tests 
were  designed  to  provide  comparison  data  for  the  five  cell 
types  being  evaluated  and  should  not  be  interpreted  as 
correlating  to  a  longer  duration  at  a  lower  storage 
temperature. 

Storage  at  66°C  for  45  Davs 

Cells  were  stored  for  45  days  at  66°C,  then 
discharged  at  3  mA.  The  discharges  were  run  at  both 
ambient  temperature  and  -2°C.  Table  3  summarizes  the 
data  from  these  tests,  and  also  includes  the  comparable 
data  from  tests  performed  on  fresh  cells. 
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Table  3.  Capacity  to  2.0V  in  Ah  of  Cells  Discharged  at  3  mA 
as  a  Function  of  Storage  and  Discharge  Temperature 


23^C 

Discharge 

23"C 

Discharge 

-2=C 

Discharge 

2C  1 

Discharge  1 

Fresh  Cells 

45  Days/66'C 
Storage 

Fresh  Cells 

45  Days/66  C 
Storage 

EP 

2.96 

2.91 

2.67 

2.65 

E»l 

1.76 

1.76 

1.84 

1.82 

PCI 

1.85 

1.63 

1.83 

1.62 

SAFT 

2.04 

2.02 

2.03 

2.02 

Varta 

2.02 

1.94 

1.57 

1.44 

Several  interesting  observations  \«ere  made  based 
on  the  data  in  Table  3.  The  EP  cells  showed  no  appreciable 
change  in  capacity  between  fresh  and  stored  cells,  yet 
delivered  approximately  10%  more  capacity  at  room 
temperature  relative  to  -2°C.  The  E‘l  cells  also  exhibited  no 
capacity  loss  due  to  45  days  storage  at  66°C,  but  delivered 
almost  5%  more  capacity  at  -2''C  than  at  room  temperature. 
This  is  the  only  cell  model  tested  that  consistently  yielded 
more  capacity  at  -2°C  than  at  room  temperature. 

The  PCI  cells  were  not  affected  by  the  variation  in 
discharge  temperature,  but  lost  11%  of  capacity  after  high 
temperature  storage.  The  Varta  cells  were  affected  by  both 
discharge  temperature  and  storage  conditions;  these  cells 
delivered  less  capacity  as  the  conditions  become  more 
harsh.  The  SAFT  cells  consistently  delivered  -2  Ah 
regardless  of  discharge  temperature  cr  storage  for  45  days 
at  66°C. 

Storage  at  41  °C  for  Six  Months 

High  rate  discharges  were  performed  on  cells  that 
had  been  stored  for  six  months  at  41  °C.  These  tests  were 
performed  on  populations  of  three  cells  per  manufacturer 
and  involved  both  20  mA  and  50  mA  discharge  rates, 
depending  on  the  capabilities  of  the  cells.  All  discharges 
were  performed  at  -2°C.  Table  4  summarizes  the  data  from 
these  tests  and  compares  the  results  with  the  previously 
given  data  from  the  fresh  cells  discharged  at  high  rates. 

Table  4.  Stored  and  Fresh  Cells  Discharged  at  High  Rates 
at  -2°C 


The  SAFT  cells  displayed  the  least  capacity 
degradation  after  six  months  storage  at  AI^C.  These  cells 
lost  approximately  8.6%  of  baseline  capacity.  The  EP  cells 
also  exhibited  an  8%  loss,  but  as  was  mentioned  previously, 
could  not  be  discharged  at  the  50  mA  rate.  PCI  cells  were 
able  to  meet  the  50  mA  rate  requirement,  but  lost  >50%  of 
capacity  as  a  result  of  6  months  storage  at  41  °C.  The  fresh 
E»i  cells  performed  well  at  the  more  moderate,  20  mA  rate, 
but  lost  55.7%  of  capacity  after  storage.  The  Varta  cells  did 
not  deliver  any  appreciable  capacity  at  the  20  mA  rate. 

Summary  and  Continuing  Work 

Upon  completion  of  the  testing,  the  SAFT  LS6  cells 
were  identified  as  the  best  performers  of  the  five  cell  models 
tested.  The  SAFT  cells  delivered  the  highest  capacity  of  the 
four  standard-size  cells,  performed  the  most  consistently 
from  cell  to  cell,  provided  the  best  high  rate  capabilities,  and 
retained  the  most  capacity  after  six-month  storage.  The  EP 
LTC-30P  cells  provided  the  highest  capacity  at  low  rates  due 
to  the  non-standard  shape.  However,  the  high  rate  tests 
demonstrated  that  the  EP  cells  were  unable  to  meet  both  the 
50  mA  discharge  and  the  >100  mA  pulse  requirements.  The 
E*l  3B940  cells  were  also  limited  by  a  failure  to  perform  well 
at  the  highest  rates.  The  PCI  T06/41  cells  showed  good 
high  rate  and  pulse  capability,  but  exhibited  significant 
capacity  loss  after  high  temperature  storage.  The  Varta  CR 
AA  cells,  the  only  Li/MnOj  design  tested,  were  limited  both 
by  capacity  losses  when  discharged  at  low  temperature,  and 
an  inability  to  discharge  at  moderate  to  high  (20-50  mA) 
rales. 

The  commercial  cell  test  program  generated  a 
comprehensive  data  base  of  the  capabilities  of  the  five  test 
cells  chosen  for  evaluation.  We  plan  to  purchase  and 
evaluate  new  AA-size  cells  as  they  are  added  to  the 
commercial  market.  These  may  include  Li/Mn02  spiral  cells 
produced  by  PCI  and  Dowty,  and  Li/SOCl2  spiral  cells 
produced  by  EIC  Laboratories,  Inc.  and  Yardney  Technical 
Products.  We  have  also  evaluated  specially  designed  non¬ 
magnetic  Li/SOCl2  cells  developed  by  ECO,  lnc.2 
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Manufacturer  1 

Rate  of  Test 
(mA) 

Capacity  to 

2.0V  (Ah) 

Fresh 

6  Months  @  41  C 

EP  j 

20 

1.35 

1.24 

E*l 

20 

1.49 

0.66 

PCI 

50 

0.89 

0.40 

SAFT  ; 

50 

0.93 

0.85 

Varta  | 

20 

0.09 

0.04 
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RECHARGEABLE  BATTERY  DEVELOPMENT  FOR  THE  ANrt»AS-i3  THERMAL 

WEAPONS  SIGHT 

Martin  Sulkea  and  George  Au,  Anny  Research  Lab, 

Electronics  and  Power  Sources  Directorate,  Fort  Monmouth,  NJ 


Abstract 


Rechargeable  Lithium  and  Lithium-ion  batteries  in 
several  electrochemical  systems  have  been  and  are 
currently  being  investigated  as  potential  candidates  to 
provide  power  for  training  missions  to  the  AN/PAS-13. 
"Thermal  Weapons  Sight  (TWS)".  Because  of  a  unique 
combination  of  power,  weight,  voltage  and  operating  cost 
requirements,  this  equipment  was  deemed  the  ideal 
candidate  to  first  field  a  rechargeable  lithium  battery  in 
significant  quantities.  The  specific  requirements  of  the 
TWS  and  the  capabilities  of  the  various  battery  types 
investigated  will  be  discussed 

Introduction 

The  AN/PAS-13,  ‘Thermal  Weapons  Sight  (TWS)," 
(Shown  in  Figure  1),  is  a  class  of  low  cost,  lightweight 
infrared  imaging  devices  of  medium  to  high  resolution  to 
be  used  for  the  fire  control  of  individual  and  crew  served 
weapons  during  both  daylight  and  darkness.  TWS  is 
required  to  operate  in  adverse  weather  and  battlefield 
conditions.  It  will  be  procured  in  large  quantities  for 
provision  down  to  the  infantry  squad  level. 

When  originally  conceived,  the  key  factors  driving  the 
choice  of  a  battery  power  source  were.  Iightweight(0.55 
lbs)  due  to  the  mounting  location  and  a  12  hour  operating 
time  to  minimize  battery  changes  These  goals  were 
achievable  only  with  the  BA6847,  a  2  "D"  cell  Lithium- 
Thionyl  Chloride  throwaway  battery.  Unfortunately  these 
superior  performance  attributes  come  at  a  cost  of 
approximately  $1/wh.  Even  the  Lithium  Sulfur-dioxide, 
BA5847/U,  throwaway  battery  which  provided  only  1/2  or 
less  of  the  BA6847's  service  came  at  a  cost  of 
approximately  $0.60/WH.  Original  cost  projections,  in 
1990,  when  Lithium  sulfer-dioxide  demand  was  high,  were 
about  2/3's  of  the  costs  given  above. 

Therefore,  using  throwaway  batteries  only,  could 
result  in  a  20  year  operating  and  support  (O  &  S)  cost  of 
$80M  per  1000  TWS  units.  Based  on  the  projected 
deployment  schedule  of  many  thousands  of  TWS's  and 
heavy  training  requirements,  costs  of  this  magnitude  are 
unacceptable,  except  for  the  most  critical  military  needs 
The  cost  factor  has  become  even  more  critical  in  1994, 
when  field  units  are  required  to  budget  and  pay  for  the 
batteries  they  use. 

As  such,  the  Electronics  and  Power  Sources 
Directorate  of  the  Army  Research  Lab  was  tasked  by  the 
Project  Manager  for  Night  Vision  in  early  1991  to  develop 
a  high  capacity,  lightweight,  rechargeable  battery,  that 
even  with  a  cycle  life  as  short  as  50  cycles,  could  reduce 
the  cost  of  portable  battery  power  by  6-10  times 
compared  to  Lithium  Throwaway  types.  An  examination 
of  the  system  requirements,  shown  in  table  1,  determined 
that  the  TWS  was  an  almost  ideal  candidate  for  a  30  watt- 
hour  rechargeable  Lithium  System.  One  particularly 
unique  discharge  load  factor  aiding  the  use  of  a 
rechargeable  lithium  battery  was  the  fact  that  the  average 
and  peak  loads  decreased  as  temperatures  dropped. 


Fig.  1  AN/PAS-13,  Thermal  Weapons  Sight 


Table  1 ,  TWS  RECHARGEABLE  BATTERY 
REQUIREMENTS 


Voltage  Range 

4-8  volts 

Input  Power 

@50'’C 

12.4/4W  for  2.9/7. 1  minutes  Typical 

13.0W  Continuous 

Maximum 

@25°C 

10/3W  for  2.9  min/7.1  min  Typical 

10.5W  Continuous 

Maximum 

@-20°C 

9.2/2. 2W  for  2.9  min/7.1  min  Typical 

9.5W  Continuous 

Maximum 

Desired  0|>erating  time;  4-6  hours  on  typical  load  equals 

20  to  30+  watt-hours 

Weight  -  No  more  than  0.75  lbs  (0.34kg) 

Size  -  2.55  X  3.75  X  1 .5  inches  =  14.3  in^  (0.23L) 
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Apofoach 


After  considering  the  state-of-the-art  of  rechargeable 
Lithium  batteries  at  the  time  and  the  tradeoffs  shown  in 
table  2,  the  choice  was  made  to  initially  concentrate  on 
the  Li-V205  system.  The  reasons  were  it  had  a  more 
mature  technology,  lower  self  discharge,  simpler  charge 
control  and  a  high  capacity  based  on  the  insertion  of  1  8 
Lithium  per  V2O5  (1).  At  the  same  period  of  time, 
development  was  continuing  on  Lithium  Nickel  Oxide  and 
Lithium-Cobalt  Dioxide  as  potentially  higher  energy 
systems.  Also,  investigation  was  started  on  Lithium-Ion  or 
"rocking  chair”  technology  in  order  to  respond  to 
requirements  for  increased  safety.  Another  approach, 
pursued  in  cooperation  with  The  Advanced  Research 
Projects  Agency  (ARPA)  was  the  demonstration  of 
Lithium-Polymer  technology  in  a  BB2847  battery,  where 
the  Polymer  system's  high  volume  utilization  could  provide 
a  higher  capacity  than  traditional  round  cells  Table  3  lists 
the  various  related  contractual  efforts  in  chronological 
order.  However,  as  time  has  passed,  factors  unrelated  to 
battery  performance,  such  as  the  industrial  base  for  each 
technology,  its  dual  use  potential  and  total  cost  of 
ownership  are  being  given  greater  weight  in  the  choice  of 
a  rechargeable  battery  for  the  TWS. 


Table  2  LITHIUM  METAL  OXIDE  COMPARISON 


LiV205 

LiNi02 

LiCo02 

END  OF  CHARGE 

3.8V 

4.1V 

4.2V 

SHARP  END  OF  CHG 

YES 

NO 

NO 

END  OF  DISCHG 

25/2.0V 

28V 

30V 

AVG  DISCHG  VOLT 

3.35/2.75 

37 

39 

ASSEMBLY  STATE 

CHGED 

DISCHG 

DISCHG 

SELF  DISCHARGE 

1  MONTH  @45C 

5% 

5%  * 

10%  • 

WH/KG  PER  CELL 

110/50 

168 

175 

*  SOME  PERMANENT  LOSS 


Results  And  Discussion 


U/VgQs.  The  specifics  of  the  LiA/205  "D"  cells 
developed  for  the  BB2847  were  given  by  Staniewicz  and 
Broussely  (2).  When  discharged  at  2  amperes  (2-3 
ma/cm2)  these  cells  provided  more  than  50  cycles, 
starting  at  16  wh,  each  and  remaining  above  10  wh. 
Based  on  these  encouraging  results,  2  cell  prototype 
batteries  were  assembled  using  only  the  minimal  controls 
and  thermal  protection  devices  thought  necessary  for  this 
system.  They  were  then  operated  at  the  TWS  10  watt 
load.  Figure  2  compares  the  results  from  cell  data  with 
that  actually  obtained  in  a  battery  configuration.  As  can 
be  seen,  a  third  of  the  battery's  capacity  is  lost,  compared 
to  what  was  expected.  Circuit  voltage  losses  Increased 
the  current  so  that  the  lower  plateau  was  below  the  cutoff 
point  of  the  equipment.  In  addition,  cycle  life  was  much 
less  than  expected  because  of  cell  imbalance,  caused  by 


Table  3.  BB-2847  Related  Corrtractual  Efforts 

Coritracl  (aoencvl  Contractor  Eleclrocliemical  Systems 

DAAL01-90-C-0034  (ARL)  SAFT  Li-V205/Li-LiNi02 

DAAL01-90-C-0036  (ARL)  SAFT  Li-LiNi02A.i-LiCo02 

DAAL01-92-C-0221  (ARL)  Rayovac  Li-C/LiNi02 

MDA972-93-C-0013  (ARPA)  Valence  Li/SPEA/anadium  Oxide 

BAA  93-32  for  flexible  Multiple  Li/SPE/LiCo02 

manufacturing  (ARPA)  Awards  Li-C/SPE/LiMn204 


FIG  2.  Lithium/V205  BB2847  Battery  on  TWS  Load. 

-  Comparison  With  Cell  Data  without  Thermal  Controls. 
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intermittent  dendritic  shorting.  Because  charge  and 
discharge  were  controlled  on  overall  battery  voltage, 
individual  cells  were  driven  to  extremes  of  voltage  which 
accelerated  the  batteries  deterioration.  As  a  result  of 
these  problems  and  significant  improvements  in  the 
capacity  of  LiNi02  "D“  cells  by  the  SAFT  R&D  Center  the 
decision  was  made  to  drop  the  V2O5  chemistry  for  the 
BB2847 

LiNiOo:  The  general  design  characteristics  of  the 
Li/LiNi02  “D"  cells  and  the  battery  and  charge  controls  are 
described  by  Staniewicz,  Romero  and  Gambrell  in 
reference  3.  Figure  3  shows  a  Li/LiNi02  battery  with 
charge  controls.  This  rechargeable  battery  system  had 
many  advantages  for  the  TWS  while  presenting  some 
difficulties  that  required  unique  solutions.  These 
advantages  included  a  high  cell  voltage  (3  7  volt  average) 
which  minimizes  current  demand,  a  cell  energy  density  up 
to  170  wh/kg  and  ability  to  provide  extra  capacity  at  high 
temperatures  as  required  by  the  equipment.  Figure  4 
shows  TWS  operating  time  as  a  function  of  temperature 
based  on  cell  performance.  Figure  5  shows  battery 
discharge  output  at  high  and  low  temperature.  Note  that 
the  battery  internal  cutoff  is  temperature  compensated  to 
prevent  the  excessive  intercalation  of  lithium  that  can  take 
place  at  high  temperatures  with  deleterious  effects 
because  of  the  limited  (2x)  lithium  capacity  built  into  these 
cells.  The  actual  battery  capacities  from  figure  3.  were 
12%  lower  at  high  temperature  than  cell  data  would 
project  because  of  the  power  loss  across  a  diode  and  a 
high  voltage  end  of  discharge  cutoff.  At  low  temperature 
(-20°C),  battery  output  is  more  than  2X  higher  due  to 
battery  self  heating. 

Disadvantages  of  the  Li/LiNi02  battery  are  those 
common  to  most  metallic  Lithium  batteries,  and  include 
short  cycle  life,  low  recharge  rate,  the  need  for  individual 
cell  controls  and  extensive  safety  protection.  Again, 
because  the  BB2847  is  only  a  2  cell  battery,  this  did  not 
present  an  insurmountable  obstacle  In  order  to  meet 
safety  needs,  the  Li/LiNi02  -  BB2847  used  a  dedicated 
charger  which  individually  charges  each  cell  through  a 
separate  charging  port  by  a  current  limited  (0  4A), 
constant  potential  of  4,1  volts  Typical  charge  time  is  12- 
15  hours.  A  microprocessor  control  in  the  battery 
provides  resetable  protection  in  the  event  of  overcurrent, 
overtemperature,  and  cell  imbalance.  It  also 
communicates  with  the  charger  microprocessor  to  limit 
change  time  and  indicate  any  fault. 

A  total  of  30  prototype  batteries  and  5  chargers  were 
delivered  for  evaluation.  These  hand  made  units,  when 
good,  provided  high  capacity,  (31  wh  at  20°C/and  60 
cycles  to  20  whr).  In  all  cases  there  were  no  safety 
problems.  However,  additional  work  would  be  required  to 
improve  and  control  all  manufac*uring  processes  and  to 
reduce  the  sensitivity  of  the  digital  control  circuits  to 
spurious  signals  before  this  technology  could  be 
considered  for  limited  fielding.  Based  on  a  1993  market 
analysis,  it  was  apparent  that  large  metallic  lithium  cells 
and  batteries  using  this  technology  would  not  be  available 
with  an  acceptable  reliability  and  cost  within  the 
foreseeable  future.  Nevertheless,  much  of  the  technology 
developed  could  be  applicable  to  a  lithium-ion  version  of 
the  BB2847. 


Fig.  3  Prototype  Li/LiNi02 

BB2847  Rechargeable  Battery 


HOURS  watt-hours 

8  . -  _  -  -  -  --  50 


FIG  4.  TWS  SERVICE  WITH  LiNi02  BATTERY 
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FIG  5.  Discharge  Profile  of  Li/LiNioa  Batteries  At  -20  C 
And  50  C  On  Simulated  Constant  Current  TWS  Loads 


Li-C/LiNiO-^:  One  version  of  the  BB2847  using  a 
petroleum  cok^ anode  is  discussed  in  detail  by  Fouchard 
(4),  including  both  cell  and  control  information.  A  total  of 
30  of  these  batteries  and  5  chargers  have  been  delivered 
to  ARL  for  evaluation.  Initial  evaluations  of  these 
prototypes  have  indicated  that  the  Rayovac  RCT  battery 
can  provide  20  wh  at  67  wh/kg  for  100  or  more  cycles. 

Low  temperature  performance  is  excellent  with 
approximately  75%  of  ambient  service  time  being 
attainable  at  -30°C.  On  the  other  hand,  high  temperature 
service  at  SOX  is  reduced  by  about  25%.  This  occurs 
because  of  the  desire  to  maximize  battery  life  and  safety 
at  high  temperature.  Accordingly,  a  lowered  voltage  limit 
is  placed  on  charge  and  cell  voltage  which  results  in  about 
3%  less  capacity  Additional  evaluations  are  being  carried 
out  to  determine  life  and  storageability  under  a  variety  of 
conditions. 

Another  approach  to  the  design  of  Li-ion  "D"  cells, 
that  have  been  demonstrated  in  BB2847  batteries,  is 
described  by  Staniewicz,  Gambrell  and  Castro  (5)  and 
employs  a  graphite  anodv.  with  an  ethylene  carbonate 
(EC)  electrolyte.  Evaluation  of  a  limited  number  of  battery 
samples  has  been  initiated  using  a  charge  control  based 
on  individual  cell  charging  at  a  4  1  volt  constant  potential. 

Li-C/LiCoOy:  Another  approach  to  achieve  a  BB2847 
battery  in  minimum  time  is  also  being  explored.  This  would 
make  use  of  commercially  available  lithium-ion  cells  such 
as  the  18650  size.  A  total  of  6  of  these  cells  would  fit  the 
BB2847  box  and  could  provide  20wh  at  approximately  59 
wh/kg.  A  commercial  example  of  this  approach  was 
described  by  T.  Ozawa  and  T.  Aita  (6)  of  Sony  Corp., 
where  3, 18650  size  lithium-ion  cells  are  paralleled  to 
provide  3ah  and  3  cell  groups  are  placed  in  series  to 
provide  10  volts  for  a  laptop  computer.  Each  cell  group 
would  be  equipped  with  electronic  cutoffs  for  both  charge 
and  discharge 

Summary 

Metallic  Lithium-Nickel  Oxide  cylindrical  "D"  cells, 
while  having  the  energy  density  necessary  for  the  TWS, 
are  not  considered  ready  for  procurement  at  an  affordable 
cost  or  with  the  required  reliability  and  safety. 


Lithium-Ion,  while  not  providing  the  full  capacity 
required,  currently  offers  the  best  combination  of  capacity, 
weight,  safety  and  affordability.  It  is  likely,  however,  that 
near  term  demands  for  the  BB2847  may  have  to  be  met 
by  the  paralleling  of  several  commercial  type  cells  rather 
than  using  tailored  military  "D”  size  cells 

For  the  longer  term.  Lithium-solid  polymer  electrolyte 
batteries  made  by  flexible  manufacturing  techniques,  offer 
the  poten^  al  of  providing  a  lightweight,  low  cost,  higher 
capacity  rechargeable  power  source  that  can  replace 
almost  all  throwaway  battery  requirements  for  the  TWS. 
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INTRODUCTION 

An  igniter  is  an  electroexplosive  device  (BED)  which  is 
typically  used  to  activate  thermal  batteries,  propellants,  or  other 
fuels.  Being  an  hermetically  sealed  unit,  the  only  electrical  check  is 
a  test  of  the  igniters  resistance.  This  repeated  resistance  testing 
causes  some  concern  for  certain  users.  The  igniters  are  rated  by  All- 
Fire  and  No-Fire  current  pulses.  The  igniter  used  for  this  test  is  rated 
at  3.5  Amps,  20  millisecond  All-Fire  pulse  and  1.0  Amp,  5  minute 
No-Fire  pulse  which  implies  that  within  certain  statistical  parameters 
the  given  pulses  will  either  activate  or  not  activate  the  igniter. 

This  report  summarizes  the  work  completed  under  U.S.  Air 
Force  contract  F33601-93-P-7648,  Data  Item  #0002,  issued  11 
March  1993  and  completed  8  September  1993. 

The  objective  of  this  test  was  to  determine  if  desensitization 
of  an  igniter  occurs  due  to  repeated  resistance  checks.  An  EP360-3 
igniter  (Eagle-Picher  Industries,  Inc.,  part  number  31-32-026-0)  was 
chosen  for  this  test.  This  is  a  dual  bridge  igniter  with  only  one 
bridge  circuit  used  for  testing. 
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SCHEMATIC  DIAGRAM 

n  n 

I  2  3  4 

PIN 

EP  360-3  IGNITER 
(PART  NUMBER  31-32-026-0) 


Figur«  1  EP360-3  Igniter  With  Schematic 


TTie  testing  can  be  divided  into  three  parts.  First,  35  (thirty- 
five)  units  were  tested  to  determine  the  estimated  test  stimulus 
required  to  fire  the  igniter  with  a  reliability  of  99.99%  and  a 
confidence  level  of  95%.  This  first  group  was  used  as  a  control 
group. 

Second,  40  (forty)  igniters  taken  from  the  same  production 
lot,  had  resistance  readings  taken  every  2  (two)  minutes  (  1 
milliampere  of  current  for  20  milliseconds)  for  a  total  of  10,001 
resistance  checks. 

Third,  the  group  of  igniters  that  had  been  resistance  checked 
were  then  tested  in  the  exact  same  manner  as  the  first  group  to 
determine  the  estimated  test  stimulus  required  to  fire  the  igniters 
with  a  reliability  of  99.99%  and  a  confidence  level  of  95®/o.  The  two 
estimated  test  stimuli  were  then  compared  to  determine  if  the  igniters 
ability  to  fire  had  been  impaired. 


BRUCETON  TEST  OF  CONTROt.  GROUP 

A  Bruceton  reliability  test  was  performed  on  the  control 
group  to  determine  the  level  at  which  the  units  will  activate. 

The  Bruceton  Test 

The  Bruceton  Method  of  Sensitivity  Testing  provides  results 
from  which  a  statistical  estimate  of  a  high  assurance  of  reliability  can 
be  established  on  the  assumption  that  the  percentage  functioning  is 
related  to  the  test  levels  by  means  of  a  normal  error  function. 

In  the  first  part  of  the  test,  five  (5)  units  are  tested  to 
determine  an  approximate  level  at  which  50%  of  the  units  will  fire 
(denoted  by  the  letter  ‘k’).  In  the  second  part  of  the  test,  the  first  unit 
is  exposed  to  a  pulse  at  this  level  and  subsequent  units  are  exposed  to 
levels  determined  by  the  previous  units  ability  to  fire.  An  arbitrary 
level  (denoted  by  the  letter  ‘d’)  is  set  as  the  increment  between  test 
levels.  If  the  first  unit  fires,  the  next  unit  is  exposed  to  a  pulse  at  a 
level  of  k-d.  If  the  unit  does  not  fire,  the  next  unit  is  exposed  to  a 
pulse  at  a  level  of  k+d.  Each  succeeding  unit  will  be  tested  at  a  level 
dependent  upon  the  firing  behavior  of  the  previous  unit.  (i.e.  if  the 
previous  unit  fired,  the  next  unit  will  be  tested  at  a  level  ‘d’  less  than 
the  previous  level,  and  if  the  previous  unit  failed  to  fire,  the  next  unit 
will  be  tested  at  level  ‘d’  greater  then  the  previous  level.)  Thus,  the 
test  results  will  be  a  sequence  of  fires  (denoted  by  X)  and  failures 
(denoted  by  O)  centered  about  the  50®/o  firing  level. 
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Fire  Current 
(Amps) 


X'  Denotes  Fire 


O'  Denotes  Did  Not  Fire 
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Using  the  above  method  the  50%  firing  level  (k)  was 
determined  to  be  1.65  Amperes  with  a  20  millisecond  pulse.  The 
distance  between  levels  (d)  was  set  at  0.05  Amperes.  All  test  pulses 
will  be  of  a  20  millisecond  duration. 

The  35  units  in  the  control  group  were  then  tested  to  produce 
the  data  shown  in  Figure  2.  The  table  at  the  bottom  of  Figure  2  was 
then  completed  and  entered  into  a  computer  program  which 
calculated  the  estimated  test  stimulus,  estimated  error,  etc. 


Resistance  Readings 

Igniter  Number  1 


Results 

The  estimated  test  stimulus  required  to  fire  the  control  group 
of  igniters  with  a  reliability  of  99.99%  and  a  confidence  level  of 
95%  was  found  to  be  2.1301  Amperes  with  an  estimated  error  of 
0.0870,  which  gives  a  range  of  2.0431  to  2.2171  Amperes  with  a  20 
millisecond  pulse  duration. 


1000  2000  3000  4000  6000  6000  7000  8000  9000  10000 

Reading  Number 

Reeistftnc*  (Ohms) 


A  second  group  of  40  igniters  were  selected  from  the  same 
production  lot.  This  test  group  was  subjected  to  a  continuous  testing 
of  the  bridge  circuit  for  a  total  of  10,001  tests. 

The  igniters  were  connected  to  a  Hewlett-Packard  3497A 
data  acquisition  system  and  HP86B  computer  which  sent  I 
milliampere  of  current  to  each  igniter  every  two  minutes.  All  testing 
was  performed  under  ambient  conditions.  A  graph  of  the  resistance 
readings  for  igniter  serial  number  01  can  be  seen  in  Figure  3. 

Results 

Comparing  the  resistance  values  at  the  beginning  and  end  of 
the  cycle  shows  that  all  of  the  igniters  showed  a  lowering  of 
resistance  but  none  were  significantly  lower,  with  a  maximum  drop 
of  0.03  ohms.  The  specified  range  of  resistance  on  this  igniter  is 
1.00  +/-  0.10  ohms. 


The  igniters  from  the  above  resistance  cycle  testing  were  then 
tested  by  the  Bruceton  Method  in  the  exact  same  manner  as  the 
control  group  to  determine  the  stimulus  level  required  to  activate  the 
igniters. 

Results 

The  data  is  shown  as  Figure  4.  The  estimated  test  stimulus 
required  to  fire  the  igniter  with  a  reliability  of  99.99%  and  a 
confidence  level  of  95%  was  found  to  be  1.8625  Amperes  with  an 
estimated  error  of  0.0324  which  gives  a  range  of  1.8301  to  1.8949 
Amperes. 
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Figure  4.  Bruceton  Test  Data  for  Test  Group 


CONCLUSIONS 
Effect  of  testing  nn  resistance 

After  10,001  resistance  checks  at  1  milliampere  every  2 
minutes,  the  resistance  of  the  EP360-3  igniter  changed  a  maximum 
of  3%.  This  change  is  well  tvithin  the  normal  10%  tolerance 
specified  for  the  particular  igniter.  Therefore,  it  is  concluded  that 
repeated  resistance  testing  at  1  milliampere  had  no  immediately 
significant  effect  on  the  igniters  resistance. 

Effect  of  testing  on  sensitivity 

The  Bruceton  test  on  the  control  group  yielded  an  estimated 
test  stimulus  of  2.1301  Amperes  at  a  20  millisecond  pulse.  The 
Bruceton  test  on  the  test  group  of  resistance  cycled  igniters  yielded 
an  estimated  test  stimulus  of  1 .8625  Amperes  with  a  20  millisecond 
pulse.  This  is  a  difference  of  13%  with  the  control  group  requiring  a 
greater  current  level  than  the  test  group.  If  the  resistance  cycling  had 
desensitized  the  igniters,  one  would  expect  to  see  the  test  group 
requiring  a  greater  amount  of  current  before  activating.  In  this 
experiment  we  have  seen  just  the  opposite.  This  may  be  due  to  the 
inaccuracies  of  the  statistical  analysis  of  the  Bruceton  test  because  of 
the  small  sample  size  used. 


Group 

Estimated 
Test  Stimulus 

Estimated 

Error 

Range 

Control 

2.1301 

.0870 

2.0431-2.2171 

Test 

1.8625 

.0324 

1.8301-1.8949 

Table  1  Test  Data  Comparison 


Due  to  the  estimated  test  stimulus  required  of  the  test  group 
not  being  significantly  higher  than  that  of  the  control  group,  it  can  be 
concluded  that  continual  testing  of  resistance  at  1  milliampere  of 
current  for  10,001  checks  has  no  significant  effect  on  the  igniters 
ability  to  fire. 


RECOMMENDED  FURTHER  TESTINO 

In  an  ideal  case  the  estimated  test  stimulus,  plus  or  minus  the 
estimated  error,  for  each  test  should  overlap  if  the  resistance  testing 
had  absolutely  no  effect  on  the  igniter.  The  fact  that  it  did  not  do  so 
for  this  set  of  tests  may  be  due  to  statistical  inaccuracies.  It  would  be 
desirable  to  perform  the  Bruceton  tests  on  larger  samples  or  perform 
more  Bruceton  tests  on  control  groups  to  determine  if  the  estimated 
test  stimulus  found  would  fall  in  the  range  set  by  the  control  group  in 
this  test. 

All  of  these  tests  were  performed  under  ambient  conditions. 
Additional  testing  may  include;  resistance  cycle  testing  at  high  and 
low  temperature  extremes,  resistance  cycle  testing  in  conjunction 
with  temperature  cycle  testing,  and  Bruceton  testing  at  high  and  low 
temperature  extremes  or  any  combination  of  the  above. 

Also,  it  would  be  desirable  to  perform  testing  to  determine 
what  will  cause  a  degradation  in  the  igniters  ability  to  fire.  Possible 
tests  in  this  area  include:  a  longer  cycle  of  resistance  testing,  a  higher 
level  of  current  during  resistance  cycle  testing,  and  a  prolonged 
period  after  resistance  testing  before  firing. 


(1)  NAVORD  Report  2101,  “Statistical  Methods  Appropriate  for 
Evaluation  of  Fuze  Explosive  Train  Safety  and  Reliability”,  13 
October  1953 

(2)  Eagle-Picher  Industries,  Incorporated  document  OP-QC-035, 
“Bruceton  Test  Method” 
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DISPOSAL  CHARACTERISTICS  OF  SELECTED  MILITARY  BATTERIES 

Louis  F.  Soffer 

US  Army  Communicatlons-Electronics  Command 
Fort  Monmouth,  New  Jersey  07703 


Introduction 

Over  the  past  ten  years 
considerable  work  has  been  done 
to  assess  the  disposal 
characteristics  of  CECOM-procured 
military  batteries  using  current 
US  Environmental  Protection 
Agency  (EPA)  hazardous  waste  (HW) 
identification  regulations,  and 
state  bioassay  requirements . 
This  paper  presents  previous  and 
current  test  methods,  results, 
disposal  requirements  and  design 
implications  for  six  classes  of 
military  batteries  procured  by 
the  US  Army  Communications- 
Electronics  Command  (CECOM) . 

We  have  assessed  the  disposal 
characteristics  of  Army  batteries 
under  Resource  Conservation  and 
Recovery  Act  (RCRA)  regulations 
administered  by  EPA,  and  state 
bioassay  requirements .  This 
paper  presents  findings  and 
regulatory  management  guidance 
for  CECOM-procured  alkaline 
(ALK) ,  zinc-carbon  (LCE) , 
magnesium  (MG) ,  lithium-manganese 
dioxide  (Li-Mn02) ,  lithium-sulfur 
dioxide  (Li-S02)  and  lithiura- 
thionyl  chloride  (Li-SOCl2) 
batteries . 

Background 

RCRA  regulations  define  HW 
either  by  listing  specific  waste 
streams,  or  by  the  identifying 
specific  characteristics  under  40 
Code  of  Federal  Regulations  (CFR) 
Part  261  Subpart  C.  Batteries 
are  not  listed;  and  therefore,  in 
order  for  them  to  be  identified 
as  HW  under  RCRA,  they  must  be 
found  to  be  ignitable  (DOOl) , 
corrosive  (D002) ,  reactive  (D003) 


or  toxic  (D004-D043)  in 
accordance  with  (lAW)  established 
analytical  procedures  under  this 
regulation.  RCRA  toxicity 
regulations  became  more  severe  in 
1990,  when  test  Method  1311  was 
changed  from  the  Extraction 
Procedure  Toxicity  (EP  Tox)  test 
to  the  Toxicity  Characteristic 
Leaching  Procedure  (TCLP) .  This 
change  means,  in  many  cases,  that 
a  higher  concentration  of  a  TCLP 
contaminate  may  be  extracted  from 
the  sample,  than  was  the  case 
utilizing  the  EP  Tox  methodology. 
A  solid  waste  is  determined  to  be 
a  HW  when  the  extract 
concentration  under  TCLP  for  a 
particular  contaminate  is  equal 
to  or  greater  than  the 
"regulatory  level  (mg/L) "  in 
"Table  1,  Maximum  Concentration 
of  Contaminants  for  the  Toxicity 
Characteristic"  of  40  CFR  261.24. 

All  states  must  utilize  RCRA 
requirements  as  a  minimum  for  the 
determination  of  HW.  In  addition 
to  RCRA's  TCLP  the  states  of 
Alaska,  California,  Minnesota, 
Rhode  Island,  and  Washington 
utilize  bioassay  techniques  to 
determine  toxicity  for  HW 
identification.  Bioassay  test 
utilizes  an  organism's  response 
to  a  chemical  insult  to  assay 
toxicity.  The  measure  of 
toxicity  is  inversely 
proportional  to  the  amount  of 
chemical  substance  to  which  the 
organism  is  exposed.  A  typical 
criteria  is  the  lethal 
concentration  (LC)  <500  mg/L, 
which  is  fatal  to  50%  of  the  test 
organisms,  i.e.  LC5Q,  during  a  96 
hour  (96-h)  test  period. 

Previous  Findings 
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CECON  has  analyzed  MG  and  Li- 
SO2  military  batteries^' ^  prior  to 
TCLP  requirements.  MG  batteries 
were  found  to  be  non-ha zardous 
solid  waste  (NHSW) .  Li-S02 
batteries  were  found  to  be 
ignitable  (DOOl) ,  and  reactive 
(D003)  under  RCRA.  The 
management  recommendation  for  Li- 
SO2  batteries  suggested  that  the 
complete  discharge  of  the  battery 
would  eliminate  DOOl  and  D003 
characteristics,  thereby  allowing 
for  its  disposal  as  a  NHSW.  US 
Army  Laboratory  Command  (LABCOM) 
analysis  of  Li-S0Cl2  military 
batteries^  yielded  results  and 
management  recommendations 
similar  to  those  for  Li-S02 
batteries . 

garcept  SflgEfcg 

When  the  TCLP  methodology 
replaced  EP  Tox  we  undertook  a 
major  study^  to  evaluate  ALK,  LCE, 
MG,  Li-Mn02,  Li-S02  and  Li-S0Cl2 
military  batteries  for  the 
toxicity  characteristic  under 
TCLP .  The  other  RCRA 
characteristic  tests  for 
ignitability,  corrosivity  and 
reactivity  were  not  affected  by 
this  1990  regulatory  change.  In 
addition,  we  decided  to  analyze 
these  batteries  utilizing 
California's  (CA)  bioassay 
methodology.  The  methodology  and 
results  are  shown  below  under 
analysis  1. 

A  finding  of  analysis  1 
below,  indicated  that  MG 
batteries  discharged  to  50% 
capacity  should  be  characterized 
as  toxic  HW  for  Cr  (0007)  under 
RCRA.  This  finding  was 
challenged  by  a  major  battery 
supplier.^  The  supplier's 
findings  suggested  that  the  TCLP 
sensitivity  for  Cr  was  dependent 
on  the  battery's  state  of  charge. 
This  prompted  an  additional  TCLP 
study”  to  clarify  this  issue.  The 


methodology  and  results  are  sho%m 
below  under  analysis  2. 

Analygjg 

Method"^ 

A  random  sample,  n»42 
(7/type),  of  ALK,  LCE,  MG,  Li- 
MnOo,  Li-S02  and  Li-SOCln  military 
batteries  were  selected  from 
depot  stock.  Prior  to  analysis 
ALK,  LCE,  MG  Li-Mn02  batteries 
were  discharged  to  50%  of 
capacity  to  simulate  field 
conditions  prior  to  disposal. 
lAW  solid  waste  management 
guidance^ Li-SO,  and  Li-SOCl2 
batteries  should  be  totally 
discharged  prior  to  disposal; 
therefore,  these  batteries  were 
totally  discharged  prior  to 
analysis. 

TCLP;  The  battery  samples 
were  then  reduced  to  <9 . 5mm 
particle  size,  and  lOOg  aliquots 
were  extracted  lAW  TCLP 
methodology.  The  extracted 
leacheates  were  analyzed  for 
metals,  volatile  organic 
compounds  and  semi-volatile 
organic  compounds,  except  for 
pesticides  and  herbicides,  lAW 
SW-846^  as  required  by  Method 
1311.  Metal  leacheate  samples 
were  analyzed  using  atomic 
absorption  spectrometry  or 
inductively  coupled  plasm 
technique.  Volatile  organic 
compounds  and  semi-volatile 
organic  compounds  were  analyzed 
using  gas  chromatography/mass 
spectrometry  or  high  performance 
liquid  chromatography  as 
appropriate . 

Bioassav:  Aquatic  bioassays 
were  conducted  to  further 
characterize  HW.  CA's 
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Table  1 


Summary  of  TCLP  Results  by  Battery  Chemical  Type 

nsAol  Moan  tmrt  /T.\ 


y 


TCLP 

Contaminant  ALK 

LCE 

Type 

MG  Ll-Mn02 

Li-S02 

TCLP 

Regulatory 
Li-SOCl2  Limit 

Arsenic 

0.53 

0.190 

0.15 

0.062 

<0.050 

0.10 

5.0 

Bariiim 

<0.10 

0.18 

0.88 

<0.10 

<0.10 

0.15 

100.0 

Cadmium 

<0.0030 

0.052 

0.0033 

<0.0030 

0.017 

<0.0030 

1.0 

Chromium 

<0.010 

0.010 

9.1^ 

0.012 

<0.010 

4.2® 

5.0 

Lead 

<0.050 

0.186 

<0.050 

<0.050 

<0.050 

<0.050 

5.0 

Mercury 

0.033 

0.040 

N/A^ 

N/A 

N/A 

N/A 

0.2 

Selenium 

<0.050 

0.058 

0.088 

<0.050 

<0.050 

0.082 

1.0 

UJK1.0 


LlilL'J 


L'JVJ 


LWJ 


Notes:  1.  Sub-sample,  n*7,  for  each  battery  chemistry  type. 

2.  Mean  value  exceeds  regulatory  limit. 

3.  Upper  95%  confidence  limit  around  mean  exceeded  regulatory 
limit. 


methodology  was  selected  as  a 
representative  test.®  The  TCLP 
method  uses  an  acetate  buffer, 
which  is  toxic  to  some  aquatic 
biota.  In  order  to  eliminate 
this  confounding  variable.  Method 
1312  from  SW-846  was  utilized  for 
extraction,  which  is  not  toxic  to 
the  Fathead  minnow  and 
Ceriodaphnia ,  utilized  in  CA's 
methodology.  The  organisms 
utilized  represent  vertebrate 
and  invertebrate  species, 
respectively.  Preliminary  48-h 
LC5Q  acute  toxicity  tests  were 
conducted  to  establish  dilution 
ranges.  Acute  96-h  LC5Q  toxicity 
tests  were  conducted.  The  LC^q 
concentrations  (mg  of  battery/L) 
reported  will  kill  50%  of  the 
test  animals  in  the  specified 
time  period. 

Results 


TCLP:  No  volatile  organic 
compounds  nor  semi-volatile 
organic  compounds  were  found  that 
exceeded  the  regulatory  limits 
(RL)  established  by  40  CFR  261 
criteria.  The  results  for  "EPA 
Contaminant"  metals  are  found  in 
Table  1.  Fifty  percent  capacity 
MG  batteries  exceeded  the  5.0 
mg/L  RL  for  Cr.  The  upper  95% 
confidence  limit  around  the  mean 
for  totally  discharged  Li-S0Cl2 
batteries  exceeds  the  5.0  mg/L  RL 
for  Cr.  Under  EPA's 
interpretation  Li-S0Cl2  failed  the 
TCLP  RL.  Therefore,  50%  capacity 
MG  batteries,  and  totally 
discharged  Li-SOCl2  batteries  are 
considered  HW. 

Bioassav:  Table  2  summarizes 
the  96-h  LC50  acute  toxicity 
results  for  MG,  Li-S02,  Li-Mn02 
and  ALK  batteries.  LC5Q  of  <500 
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■9/L  ar«  identified  as  HW. 
Preliminary  48-h  acute  LCgg 
toxicity  tests  for  LCE  (LC5o*289 
mg/L)  and  Li-SOClj  (LCjo-S.S  sg/L) 
batteries  identified  them  as  HH 
under  this  criteria.  96-h  LC50 
testing  for  these  later  two 
classes  of  batteries  was  not 
required.  Li**lfn02/  KLR,  LCE  and 
Li-S0Cl2  batteries  are  HW  under 
this  bioassay  criteria. 


Table  2 

Acuta  96-h  LC^  Toxicity 


Battery 

Type 

Test  Organiam 
Fathead  CeriodapAnia 
Minnow _ 

NG 

22,928 

18,067 

LI-SO2 

691 

702 

Li-Mn02 

288 

73 

-ALE _ 

246 

_ SI 

AnalYsig 


A  random  sample,  n»20 
(5/condition) ,  of  military  MG 
batteries  were  selected  from 
independent  government  test 
samples  previously  obtained. 
Prior  to  analysis  the  samples 
were  assigned  and  pre-conditioned 
to  four  state  of  capacity 
conditions:  100%  (un-discharged) , 
50%  (50%  capacity) ,  10%  (10% 
capacity) ,  and  0%  (totally 
discharged) . 


TCLP:  The  samples  were 
prepared  and  analyzed  lAW 
procedures  described  under 
Analysis  1,  above. 

Results:  MG  batteries 
disch2u:ged  to  <50%  capacity  did 
not  exceed  RCRA  RL  for  Cr,  see 
Figure  l.  No  other  metals, 
volatile  organic  compounds,  nor 
semi-volatile  organic  compoxuids 


exceeded  the  RLs  established  by 
40  CPR  261  criteria. 

Chromiiim  (mg/L) 


Figxire  1.  TCLP  Analysis  of 
MG  Batteries 

Pigguggioh 


Methods 

The  EP  Tox  method  uses  a 
structural  integrity  test  (SIT) 
to  determine  the  particle  size 
prior  to  extraction.  During 
previous  analysis  many  battery 
cells  survived  the  SIT  intact, 
and  internal  battery/ cell 
structures  could  not  be  extracted 
prior  to  analysis.  This  model  is 
inadequate  as  eventually 
batteries/cells  lose  integrity  in 
a  landfill  disposal  site.  The 
TCLP  does  not  utilize  a  SIT. 
TCLP  requires  all  components  to 
be  "crushed,  cut,  or  ground", 
such  that,  the  sample  particles 
will  pass  through  9.5mm  sieve 
prior  to  extraction  and  analysis. 
Solids  and  liquids  are  amenable 
to  extraction  as  well  as 
volatiles  in  a  "zero-headspace 
extractor"  utilized  by  this 
method. 

There  is  a  great  difference 
between  EPA's  TCLP  and  bioassay 
tests  to  identify  HW.  Bioassay 
is  independent  for  the  chemical 


183 


coq;>oiuid(s)  present.  TCLP  looks 
for  a  particular  concentration 
(ng/L)  level  of  a  specific 
element  or  chemical  compound 
present,  which  is  defined  as  a 
HW.  Bioassay  is  only  concerned, 
if  the  test  animal  dies  at  the 
I>C5Q  <500  mg/L.  These  methods 
provide  two  different  means  of 
assessing  toxicity.  It  is  quite 
possible  that  more  states  may 
adopt  bioassay  in  the  future, 
particularly  those  with  fragile 
and  extensive  wetlands. 

Findings 

Our  findings  support  the 
manufacturer's  data,  which 
indicate  that  available  chromium 
is  affected  by  the  battery's 
state  of  charge.^  It  appears  that 
N6  batteries  with  <50%  charge  do 
not  exhibit  Cr  in  excess  of  the 
RCRA  RLs.  Management  guidance 
has  been  provided  to  user 
activities,  so  that,  users  may 
test  battery  capacity  prior  to 
disposal. 

Environmental  Regulations 

The  characterization  of  HW 
for  disposal  depends  on  your 
location  and  its  applicable 
regulations.  Findings  aside,  we 
must  deal  with  "NIMBY”,  that  is 
the  Not  in  My  Back  Yard  syndrome. 
I  can  only  suggest  that  it  must 
be  dealt  with  on  a  case-by-case 
basis.  It  is  important  to  get  to 
know  your  regulator.  Even  if 
findings  indicate  that  the 
material  for  disposal  is  a  NHSW, 
the  county  officials  may  not 
allow  the  waste  at  the  landfill 
site  without  a  special  permit. 
And  with  regard  to  permits,  the 
disposal  site's  permit  must 
include  your  waste  stream,  or 
your  organization  may  not  use  the 
site. 

Waste  minimization  is  another 


important  concept .  We  have 
recently  commented  regarding 
Docket  #  F-93-SCSP-FFFFF^°,  which 
affects  the  recycling  and 
reclamation  of  batteries. 
Presently  New  Jersey's  code 
requires  battery  recycling.  It 
is  important  that  industry 
continues  to  take  positive  steps 
to  ensure  a  means  to  recycle  and 
market  spent  batteries/cells  to 
reduce  the  HW  stream. 

Design 

We  have  already  incorporated 
a  complete  discharge  device  in 
military  procured  Li-S02  and  Li- 
SOCI2  batteries  to  eliminate  their 
reactivity  prior  to  disposal. 
Since  MG  batteries  with  <50% 
capacity  are  not  HW  under  RCRA, 
we  may  consider  the  same  approach 
in  the  future  for  the  MG 
batteries . 

Conclusion 

The  challenge  for  the  future 
is  to  identify,  isolate,  and 
properly  manage  hazardous  waste 
to  prevent  its  entering  the  waste 
stream.  We  should  and  must 
minimize  waste  in  order  to 
protect  our  environment  and  that 
of  our  children.  This  is  called 
pollution  prevention,  which  is 
the  thrust  of  the  Pollution 
Prevention  Act  of  1990.  We 
should  strive  to  reduce  the  waste 
at  its  inception,  that  is  by 
designing  our  commodities  for 
reuse,  remanufacture  or 
recycling.  We  should  attempt  to 
use  less  hazardous  components. 
We  have  reduced  the  mercury 
content  in  LCE  and  ALK  batteries. 
Maybe  we  can  reduce  chromium  in 
MG  batteries,  or  increase  the 
life  or  cycles  of  secondary 
batteries.  This  will  help  meet 
the  requirements  of  Executive 
Order  12856.  Only  your 
innovation  can  achieve  these 
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aims. 
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TACnCAL  POWER  FOR  MOBILE  DIRECTED  ENERGY  SYSTEMS 
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Ft.  Belvoir,  VA  22060 


lmro<h>ction 

This  paper  discusses  some  state-of-the-ait  approaches  and 
options  for  development  of  very  lightweight  prime  power  source 
components  suitable  for  a  wide  range  of  pulsed  load  applications. 
Prime  power  refers  to  components  which  convert  available  energy 
(typically  kerosene  based  fuel)  into  useful  electrical  power.  Typic^ 
pulsed  loads  include  High  Power  Microwaves  (HPM),  High  fower 
Radars  (HPR),  Kinetic  Energy  Weapons  (KEW)  and  High  Power 
Lasers  (HPL). 

A  discussion  of  two  projects  undertaken  by  BRDEC  will 
illustrate  some  of  the  approa^es  available  to  achieve  high  power 
density  prime  power  systems.  These  projects  include: 

a.  The  design  of  a  1  MW  power  source  for  a  conceptual 

airborne  application.  This  effort  is  discussed  in  Part  1. 

b.  The  Ground  Based  Radar  (GBR)  1  MW  prime  power 

development  effort.  This  is  discussed  in  Part  2. 

Concepts  and  ideas  abound  using  pulse  compression 
techniques  to  power  tactical,  mobile  pulsed  electromagnetic  (EM) 
systems.  Tactical  mobility  is  needed  for  'shoot  and  scoot* 
battlefield  scenarios.  However,  successful  development  of  mobile 
pulsed  systems  is  often  hinder^  by  the  size/weight  of  the  prime 
power  source.  A  typical  prime  power  source  consists  of  an  engine 
to  convert  fuel  to  mechanical  energy,  an  alternator  to  create 
electrical  power,  and  first  stage  conditioning  for  power  driving  the 
pulsed  system.  Typically,  pulsed  systems  require  d.c.  power,  either 
high  voltage  (HV)  or  high  current.  These  systems  often  require 
large  amounts  of  average  power  for  effective  operation. 

The  pulsed  system  generally  is  integrated  with  a  mobile 
platform  (aircraft,  land  vehicle,  or  ship).  Tactical  aircraft  usually 
provide  the  greatest  size/weight  constraints,  while  ships  provide  the 
least.  Sometimes  the  existing  platform  engine  can  be  used;  if  not, 
a  separate  engine  must  be  integrated.  Turbine  engines  provide  high 
power  density  while  reciprocating  engines  are  less  power  dense.  If 
large  rotary  (Wankel)  engines  operating  on  kerosene  based  fuels 
become  commercially  available  in  the  future,  they  would  provide 
design  and  cost  flexibility  between  turbine  and  reciprocating 
engines.  Research  is  being  conducted  on  smaller  diesel  rotaries  in 
the  10  -  100  kW  range. 

This  paper  examines  current  requirements  for  mobile, 
tactical  prime  power  systems:  small  size,  low  weight,  high 
reliability,  and  effective  system  integration. 


PART  1:  1  MW  Airborne  Prime  Power  Source 


The  goal  of  this  program  was  to  develop  a  complete  prime 
power  system  which  could  fit  inside  a  30*  diameter,  6’  long  space 
inside  a  missile.  The  system  must  convert  diesel  fiiel  to  100  kV 
d.c.  to  charge  a  pulsed  capacitor.  The  Belvoir  portion  included 
integration  of  a  turbine  engine,  direct  driven  alternator  and 
transformer  rectifier  (TR)  unit.  Components  beyond  the  TR  unit 
were  to  be  developed  by  other  agencies. 

Turbine  Engine  Design 

The  airborne  power  source  design  effort  illustrates  a  typical 


special  purpose  system  requiring  a  turbine.  The  small  space 
available  (30*  diameter,  6*  long)  coupled  with  high  power 
requirements  calls  for  a  lightweight  turbine.  A  diesel  fueled  ram-air 
compression  turbine  engine  was  chosen  to  make  use  of  the  existing 
Mach  2  airflow.  System  considerations  required  minimizing  air 
scoop  drag  on  the  missile.  Drag  was  partially  compensated  by  using 
the  engine  exhaust  for  thrust.  The  short  operating  time  (4  min) 
required  S  gallons  of  fuel  for  a  nominal  1700  hp  output.  The  effort 
for  the  1  MW  Airborne  Power  Source  took  place  in  the  late  1980s 
under  the  auspices  of  the  US  Army  Harry  Diamond  Laboratories. 

Engine  design  parameters:  30,0(X)  r/min,  1 .25  MW,  200  lbs, 
22*  long,  18*  diameter,  7  Ibs/sec  mass  flow  rate,  1,700  degree  F 
turbine  inlet  temperature.  [1] 

High  Speed,  High  Frequency  (HSHF) 

Alternator  Considerations 

Given  the  various  system  constraints  and  requirements,  the 
choice  of  alternator  was  fairly  clear.  High  speed  operation  usually 
translates  to  high  power  density  alternators,  and  matching  speed 
widi  the  engine  eliminated  gearbox  weight.  However,  development 
of  custom,  high  speed  alternators  can  be  costly  and  risky. 
Conunercial  aircraft  alternators  are  available  up  to  24,000  r/min,  but 
usually  with  powers  no  higher  than  200  kW.  Some  250-600  kW, 
400  Hz  air-cooled  machines  have  been  designed  and  built  with 
weights  in  the  300-600  lb  range.  HSHF  alternators  can  be  used 
with  reciprocating  engines  at  the  expense  of  gearbox  weight,  which 
may  offset  any  gains.  A  1  MW  rated  reciprocating  diesel  engine 
typically  operates  at  around  1 ,800  to  2,400  r/min.  A  mrbine  engine 
directly  driving  a  high  speed  alternator  provides  a  system  with  the 
best  power  density. 

A  custom  HSHF  (2  kHz)  alternator  design  was  chosen  to 
meet  size/weight  constraints.  The  alternator  is  directly  coupled  to 
die  engine,  thus  operating  at  30,000  r/min.  The  alternator  is  a 
permanent  magnet  axial-gap  (PMAG)  design  utilizing  a  composite 
wrapped  rotor  to  contain  the  high  mechanical  stresses  generated 
when  spinning  at  30,000  r/min.  Permanent  magnets  simplify  rotor 
design  at  the  expense  of  direct  control  of  the  rotor  fields  and  output 
voltage.  For  this  application,  however,  small  variations  in  generator 
voltage  and  frequency  are  acceptable.  A  small  cooling  system  was 
designed  for  the  alternator  to  handle  some  of  the  excess  heat. 
Coolant  is  pumped  through  hollow  stator  conductors  to  absorb 
conductor  losses,  maintaining  a  closed  primary  cooling  loop.  Heat 
is  exchanged  with  a  vaporizing  coolant  which  is  dump^  overboard 
when  pressure  relief  settings  are  exceeded.  Due  to  the  short 
operating  time,  the  alternator  thermal  inertia  could  absorb  a  large 
portion  of  excess  heat. 

Alternator  design  parameters:  30,000  r/min,  8  poles  (2,0(X) 
Hz),  1  MW  average,  4  min  duty,  270  lbs,  16*  long,  22*  diameter, 
3-phase.  2  kHz,  1,950  V  L-N  and  WYE  output.  12]  [3] 

First  Staee  POiver  Conditioning 

TRUPit 

Typically,  the  first  stage  of  power  conditioning  is  a  rectifier 
to  convert  a.c.  from  the  alternator  to  d.c.  This  d.c.  power  usually 
feeds  energy  storage/pulse  compression  circuits.  Often  a 
transformer  is  used  before  reaification  to  obtain  the  desired  d.c. 
voltage.  Pulsed  systems  like  KEWs  usuaily  require  lower  voltages 
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and  high  currents;  the  reverse  is  true  for  HPL  and  HPM  systems. 
HPRs  can  be  of  two  types;  tube  technology  which  requires  high 
voltages,  or  solid  state  technology  which  requires  low  voltages. 

High  frequency  operation  means  smaller  transformers.  Thus 
HSHF  alternators  are  not  only  lightweight  themselves,  they  allow 
for  smaller,  lighter  TR  units.  The  transformer  core  is  usually  one 
of  the  heaviest  pieces  in  a  TR  unit,  and  core  size  decreases  with 
increasing  frequency. 

The  TR  design  for  the  1  MW  power  source  is 
straightforward  using  a  3-phase  DELTA- WYE  transformer  and  full 
wave  bridge  rectification.  State-of-the-art  HV  rectifiers  and  high 
fre  '.uency  operation  combine  to  create  high  power  density.  The  TR 
is  immersed  in  dielectric  fluid  which  prevents  voltage  breakdown 
and  acts  as  a  passive  thermal  reservoir  during  operation. 

TR  unit  design  parameters;  220  lbs  wet,  7  cu.ft.,  3-phase 
DELTA-WYE,  1  MW  average,  2,000  Hz,  100  kV  d.c.  peak  output 
and  ISO  kV  d.c.  peak  inverse  voltage.  [4] 

Airborne  Power  System  Integration 

This  section  provides  an  overview  of  system  integration  for 
the  power  source  components  and  power  source  integration  with  the 
pulsed  load.  This  will  illustrate  integration  issues  common  to  many 
pulsed  systems. 

An  optimum  engine/altemator  design  speed  would  minimize 
weight,  prevent  operation  near  critical  speeds  and  reduce  technical 
risk  to  acceptable  levels.  Alternator  design  weight  decreased  with 
speed  as  did  the  engine  design  weight;  analysis  showed  30,000 
r/min  to  be  optimum. 

The  power  source  was  designed  to  charge  an  energy  storage 
capacitor,  which  was  the  first  stage  of  pulse  conditioning.  The 
capacitor  is  completely  discharged  within  a  few  microseconds  at  the 
end  of  a  50  ms  charge  cycle  (20  pulses/sec).  After  discharging,  the 
capacitor  initially  behaves  much  like  a  short  circuit.  The  system's 
electrical  performance  was  modeled,  and  alternator  and  TR 
reactance  was  designed  to  prevent  excessive  currents  during  the 
early  portion  of  the  charge  cycle.  Reactance  acts  to  limit  surge 
currents.  Conversely,  the  reactance  was  chosen  to  also  assure  full 
charging  to  the  desired  1(X)  kV  d.c.  peak  at  the  end  of  the  charge 
cycle.  See  Fie  1.  for  a  graph  of  the  waveforms  during  the  capacitor 
charging  cycle. 

(FIG.  1) 

CAPACITOR  CHARGE  CYCLE 

AVERAGE  POWER  =  1  MW 


Voltage  (kV)  and  Current  (amps)  Power  (MW) 


Analysis  indicated  that  peak  power  flow  into  the  capacitor 
occurs  about  midway  through  the  charge  cycle.  The  varying  power 
flow  gives  rise  to  cyclic  mechanical  and  electric  stresses.  The 
components  were  designed  to  withstand  these  stresses.  [5]  [6] 


Handling  excess  heat  is  an  ever  present  issue  in  compact 
prime  power  source  design.  The  best  approach  is  to  use  efficient 
components.  The  alternator  and  TR  unit  selected  are  inherently 
efficient,  operating  in  the  93%  and  97%  efficiency  range 
respeaively.  However,  with  the  high  average  power  required,  even 
these  efficiencies  give  rise  to  significant  waste  heat.  The  relatively 
short  (4  min)  operating  time  allowed  the  thermal  capacitance  of  the 
components  to  absorb  much  of  the  waste  heat.  Longer  operating 
times  would  necessitate  the  use  of  a  cooling  system  designed  for 
steady  state  operation. 

PART  2;  GBR  Prime  Power  Development  Effort 

The  system  in  Part  I  illustrates  a  case  where  alternator 
frequency  is  a  design  variable  because  the  load  is  a  pulsed  capacitor 
which  requires  d.c.  However,  the  GBR  system,  like  most  Army 
and  DoD  loads,  specifies  60  Hz  as  the  input  frequency.  Design 
options  for  the  GBR  requirement  are  discussed  below. 

GBR  requirements  offer  challenges  different  from  the 
airborne  system  discussed  in  Part  1.  GBR  prime  power 
considerations  include  C-130  transportability,  robust  ground 
mobility,  continuous  duty  operation  and  noise  and  IR  suppression. 

For  a  traditional  1  MW,  60  Hz  power  system,  the  heaviest 
component  is  typically  the  alternator  which  usually  operates  at  1,800 
r/min.  Alternator  size  and  weight  can  greatly  reduced  if  the  speed 
can  be  increased.  However,  increasing  speed  gives  rise  to  higher 
frequencies  which  are  not  suitable  for  a  60  Hz  specification.  To  this 
end,  we  have  explored  using  a  compact  HSHF  alternator  which 
f^s  solid  state  power  conditioning  to  produce  regulated  60  Hz. 

The  primary  issue  is  whether  a  system  based  on  a  HSHF 
alternator  coupled  with  power  conditioning  will  reduce  overall 
weight  when  compared  to  commercial  60  Hz  alternator  based 
system.  A  1  MW,  1,800  r/min,  60  Hz  commercial  alternator 
weighs  about  7,000  lbs.  Design  efforts  with  Army  Research  Lab 
(ARL),  US  Navy  and  industry  experts  in  power  conditioning 
indicate  that  a  1  MW,  high  frequency  to  60  Hz  power  conditioner 
would  weigh  about  3,000  lbs.  The  Navy,  in  particular,  has  looked 
extensively  at  power  frequency  conversion  for  multi-megawatt  ship 
electric  drive  applications. 

Table  1.  below  illustrates  the  potential  weight  savings  for  a 
1  MW  tactical  power  system  using  power  conditioning  to  produce 
60  Hz.  The  Army  T-700  turbine  was  selected  as  the  baseline 
engine. 


Table  1. 


Component 

1  Component  Weights  (lbs)  | 

Traditional 

E>esign 

Advanced 

Design 

Engine 

SOO 

500 

Gearbox 

800 

-(a) 

Switchgear 

750 

-(b) 

Commercial  60  Hz  Allemalor 

7000 

HSHF  Alternator  (c) 

500 

Power  Condiiionini'.  to  Produce 

60  Hz 

- 

3000 

Cooling  for  Alternator  and  Power 
Conditioning 

- 

1000 

Trailer 

6000 

6000 

Signature  Suppreued  Housing, 

Inlet  ft  Exhaust  Ducting,  Frame 
and  Miscellaneous 

6000 

6000 

Total 

21,050 

17,000 

(•)  A  gearbox  is  not  needed  because  the  HSHF  alternator  is 
direaly  driven  by  the  engine 


<b)  The  power  conditioning  would  also  aa  as  the  switchgear 
and  incorporate  fault  protection  features 

(c)  A  baseline  T-700  speed  of  20.000  r/min  coupled  with  an  8 
pole  alternator  produces  an  output  frequency  of  1 .333  Hz 
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In  addition  to  the  weight  savings  illustrated  in  Table  1..  the 
power  conditioning  allows  the  engine  to  run  at  its  most  fuel  efflcient 
speed  for  various  loads  while  still  producing  60  Hz  (similar  to  a 
Variable  Speed,  Constant  Frequency  (VSCF)  system).  Over  the 
long  term,  fuel  costs  can  become  the  dominant  cost  for  gen-set 
operation.  The  VSCF  feature  can  help  to  reduce  fuel  costs. 

The  alternator  can  be  a  wound  field  design  which  would 
offer  active  output  voltage  control  or  a  permanent  magnet  (PM) 
design  which  would  be  simpler  and  lighter  weight.  The  power 
conditioning  circuit  could  provide  VSCF  and  constant  voltage 
operation  with  a  PM  alternator  (perhaps  at  a  smaller  speed  range 
when  compared  to  using  a  wound  field  alternator). 

The  power  conditioning  design  selected  uses  a  3-phase 
rectifier,  d.c.  link  and  Pulse  Width  Modulation  (PWM)  to  synthesize 
a  60  Hz  output  waveform  (400  Hz  output  is  also  possible). 
Depending  on  the  voltage.  Integrated  Gate  Bi-polar  Transistors 
(IGBTs)  or  Gate  Turn-off  Thyristors  (GTOs)  can  be  used  for  the 
power  switches.  IGBTs  are  suited  for  lower  voltage,  high  switching 
frequency  designs  and  vice  versa  for  GTOs.  MOS  Controlled 
Thyristor  (MCT)  switches,  once  they  mature,  may  combine  the 
advantage  of  both  high  voltage  and  high  switching  frequency 
operation  with  improved  efficiency.  Higher  switching  frequencies 
improve  the  control  characteristics  of  the  PWM  circuit  while 
reducing  output  harmonic  distortion. 


For  special  purpose  loads  where  a  particular  frequency  is  not 
required,  the  power  conditioning  could  simply  be  dispensed  with. 
An  appropriate  TR  unit  would  then  be  integrated  to  provide  the 
desir^  d.c  voltage  and  current. 

CONCLUSIONS 

Well  developed  designs  and  developmental  components  exist 
for  fabrication  of  very  lightweight  prime  power  systems  suitable  for 
a  wide  range  of  mobile,  tactical  pulsed  applications.  Standard  and 
non-standard  interface  frequencies  and  voltages  can  be 
accommodated.  Advances  in  engines,  alternators,  materials  and 
power  switch  technologies  will  allow  for  continued  increases  in 
power  density  for  special  purpose  and  MIL-STD  type  prime  power 
systems. 
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INTRODUCTION 


Electric  Power  plays  an  ever  increasing 
and  important  role  on  the  modern  battlefield. 
Electric  power  is  essential  for  operating, 
maintaining  or  repairing  virtually  all  of  the 
systems  presently  fielded.  Whether  the 
battlefield  scenario  calls  for  Command, 
Control  and  Communications  operation,  weapons 
systems  operation,  countermeasure  systems 
operation,  or  maintenance  functions,  a  power 
source  must  be  available  to  the  soldier 
whenever  and  wherever  it  may  be  needed. 
Where  the  total  energy  requirements  become 
significant  (more  than  a  few  kilowatt-hours) , 
an  electric  power  generator  is  a  necessity. 

The  requirements  placed  on  electric 
power  generating  equipment  are  changing. 
With  increased  CONUS  basing  of  our  troops, 
present  and  future  military  operations  will 
require  the  ability  to  quickly  transport 
power  generation  assets  to  military  theaters. 
This  is  a  real  and  vital  requirement  that 
implies  that  the  size  and  weight  of  power 
generation  assets  must  continue  to  decrease 
in  order  to  ease  the  logistic  burdens  of 
transporting  these  assets. 

The  Power  Generation  and  Environmental 
Control  Division  of  CECOM' s  Command  Control 
Systems  Integration  Directorate  has  developed 
the  Vehicle  In-Line  Power  Generation  (VILPG) 
concept  as  one  solution  to  the  Army's 
requirement  for  mobile  tactical  power 
generation.  The  concept  integrates  an 
electrical  generator  into  the  drive  train  of 
a  tactical  vehicle  by  locating  the  generator 
between  the  vehicle's  engine  and 
transmission.  This  concept  has  been 
successfully  demonstrated  in  a  2\  ton 
tactical  truck. 


IN-LINE  GENERATOR  LAYOUT 
2-1/2  TON  TRUCK 


Although  adopting  the  VILPG  concept 
would  greatly  reduce  the  requirement  for 
towed  power  units,  it  is  not  proposed  as  a 
total  replacement  for  them.  In  applications 
for  mobile  systems  which  are  required  to 
relocate,  reposition  or  otherwise  move 
frequently,  the  capability  to  use  the 
vehicle's  engine  to  provide  power  can  reduce 
the  overall  size,  weight,  and  cost  of  the 
Army's  electric  power  assets  and  improve 
operational  effectiveness.  In  applications 
where  the  power  consumers  deploy  for  periods 
longer  that  a  few  hours,  or  where  the  carrier 
unit  needs  to  be  independent  from  the  system 
being  powered,  towed  power  units  provide  a 
better  solution. 

This  paper  examines  the  VILPG  current 
and  future  design  and  logistic 
considerations.  The  paper  also  outlines 
potential  applications  for  VILPG  technology. 

WHY  IN-LINE  POWER  GENERATION? 

When  considering  ways  to  provide 
tactical  power  to  Army  units,  locating  a 
generator  in  the  drive  train  of  a  tactical 
vehicle  does  not  immediately  come  to  mind. 
The  actual  power  requirement  dictates  the 
power  generation  solution.  Depending  on  the 
type  and  amount  of  power  required,  different 
solutions  exist. 

If  the  amount  of  power  required  by  a 
tactical  system  is  less  than  5  kw,  a  belt 
driven  generator  mounted  on  a  vehicle's 
engine  would  suffice.  For  power  requirements 
higher  than  this,  problems  appear  with  this 
approach.  V-belt  drives  are  limited  in  the 
amount  of  shaft  power  they  can  transmit,  and 
as  the  power  requirement  increases  multiple 
v-belts  must  be  used.  This  necessitates  the 
use  of  matched  v-belts,  which  are  of  the  same 
length.  At  any  particular  operating  speed 
higher  power  demands  require  physically 
larger  and  heavier  generators  which  must  be 
held  securely  in  place  by  brackets  mounted  on 
the  engine.  The  nature  of  tactical  vehicle 
operations  takes  them  into  off-road 
situations.  The  accelerations  experienced 
during  off-road  operation  easily  lead  to 
bracket  failures  due  to  the  large  mass  which 
must  be  supported. 

Another  possibility  for  producing  power 
would  be  to  use  the  power  take-off  (PTO)  port 
provided  on  large  vehicle  transmissions. 
This  would  offer  advantages  such  as  the 
ability  to  disengage  the  generator  when  it  is 
not  required.  The  problem  associated  with 
this  solution  is  the  limited  volume  available 
between  the  frame  rails  of  tactical  vehicles. 
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PTOs  are  typically  located  at  some  fixed 
distance  from  the  center  line  of  the  vehicle 
drive  train.  The  maximum  diameter  of  an 
electrical  machine  which  can  be  coupled  to 
the  PTO  will  be  limited  due  to  a  potential 
interference  problem  which  exists  between  the 
generator  and  the  vehicle  frame  rail  or  body. 
In  order  to  meet  the  power  requirements  of 
the  system,  the  axial  length  of  the  generator 
would  have  to  be  increased  to  account  for  the 
small  generator  diameter.  The  maximum  power 
capability  of  a  generator  is  proportional  to 
its  volume.  This  would  result  in  a  design 
which  is  hard  to  fabricate  and  which  would  be 
susceptible  to  failures  caused  by  vibrational 
resonance. 

The  maintenance  and  logistic  problems 
associated  with  these  methods  will  be 
eliminated  by  placing  the  generator  directly 
between  the  engine  and  transmission. 
Modifications  to  the  drive  train  must  be  made 
to  accommodate  the  increase  in  axial  length 
that  the  In-Line  generator  introduces,  but 
the  end  result  is  a  piece  of  electrical 
equipment  which  is  transparent  to  the 
operator  when  the  vehicle  is  in  motion  and 
requires  no  maintenance  to  the  rotating 
assembly. 


GENERATOR  DESIGN 

The  proposed  location  of  the  generator 
in  a  VILPG  system  poses  design  problems  not 
normally  associated  with  tactical  power 
generators.  Commercially  available 
generators  are  not  usually  constructed  in  a 
way  that  would  allow  them  to  survive  in  a 
VILPG  application.  Ih  designing  an  In-Line 
system  the  most  important  design 
consideration  is  that  the  introduction  of  the 
generator  must  not  compromise  the  operation, 
reliability,  availability  or  maintainability 
of  the  host  vehicle.  In  the  event  of  a  VILPG 
failure  the  vehicle  should  still  have  the 
ability  to  move  itself  and  its  occupants  out 
of  harms  way.  This  requirement  is  met  by 
providing  a  robust  mechanical  design  that 
considers  the  total  operating  envelope  for 
the  vehicle  performing  any  of  its  missions. 

A  very  limited  volume  is  available  to 
insert  a  generator  into  the  drive  train  of  a 
tactical  vehicle.  This  constraint  limits  the 
generator's  physical  size.  Also,  the  vehicle 
engine  power  and  the  RPM  at  which  it  is 
produced  limits  the  generator's  electrical 
power  capability.  This  is  especially  true 
for  missions  which  require  the  High  Mobility 
Multipurpose  Wheeled  Vehicle  (HMMWV) . 

The  location  of  the  generator  in  a  VILPG 
places  demands  on  the  generator  case  which 
are  not  seen  in  conventional  applications. 
The  movement  and  shock  loading  of  the 
drivetraln  while  the  host  vehicle  is 
operating  causes  large  torsional  and  bending 
loads  to  be  exerted  upon  the  generator  case. 
The  generator  case  must  be  capable  of 
handling  these  loads.  Interfacing  with  the 
SAE  bellhousing  on  large  vehicles  and  the  GM 
bellhousing  on  HMMWVs  allows  the  designer  to 
maximize  the  generator  diameter.  For 
instance,  an  SAE  #2  bellhousing  allows  for  a 


generator  diameter  of  20  inches.  This 
dimension  figures  prominently  in  providing 
structural  stiffness  of  the  generator  case, 
enabling  the  case  to  withstand  the  loads 
placed  upon  it. 

The  shaft  of  the  VILPG  must  be  able  to 
transmit  all  of  the  engine  power  to  the 
transmission  when  the  vehicle  is  being  used 
in  its  normal  transportation  role.  In  most 
Instances,  to  produce  20  kW  of  electric  power 
a  standard  generator  would  require  no  more 
than  30  HP  of  input  shaft  power.  The  Stewart 
and  Stevenson  Medium  Tactical  Vehicle,  an 
VILPG  candidate,  can  be  equipped  with  an 
engine  rated  up  to  295  HP.  This  dictates  an 
obviously  larger  generator  shaft  than  would 
be  required  in  a  standard  configuration. 

The  In-Line  generator  must  maintain 
mechanical  integrity  over  the  full  engine 
operating  speed  range.  This  implies  that  the 
generator  must  be  capable  of  sustained  rotor 
speeds  up  to  300%  above  the  normal  governed 
speed  for  electric  power  generation. 
Typically  1200  or  1800  r/min  is  required  for 
60  Hz  utility  power  applications.  The  normal 
design  criteria  requires  generators  to 
survive  spinning  at  up  to  125%  of  their  rated 
operational  speed.  The  higher  rotating  speed 
can  be  compensated  for  in  the  construction  of 
the  rotor  with  the  addition  of  reinforcing 
rings  which  help  hold  the  rotor  assembly 
together. 

The  location  of  the  VILPG,  the  underside 
of  a  tactical  vehicle,  also  requires  some 
special  design  consideration.  A  30  inch 
fording  requirement  dictates  the  generator 
will  be  partially  submerged  at  times,  and 
thus  must  be  water  tight  or  must  survive 
submersion  without  harmful  effect  on 
operability.  The  generator  also  has  to  be 
sealed  against  ingesting  mud  or  dust  kicked 
up  by  the  vehicle's  tires  when  moving. 


VILGP  SYSTEM  INTEGRATION 

Integrating  a  generator  into  the 
driveline  of  a  vehicle  requires  modification 
of  that  driveline  as  well  as  the  addition  of 
other  components.  As  in  most  integration 
efforts,  the  size  of  the  components  dictate 
the  difficulty  in  packaging  the  end  product. 
For  the  Vehicle  In-Line  Power  Generator,  the 
components  list  includes  the  generator,  a 
governor  and  governor  actuator,  and  a  voltage 
regulator. 

The  required  drivetrain  modifications  to 
the  vehicle  include  altering  the  front  and 
rear  drive  shafts  to  account  for  the  rearward 
relocation  of  the  vehicle  transmission  and 
transfer  case.  Modifications  to  the  vehicle 
exhaust  system  and  transmission  linkages  may 
also  be  required. 

During  the  course  of  demonstrating  the 
VILPG  2  ^  ton  truck  several  questions 
concerning  the  concept  have  arisen.  The 
concerns  center  on  the  effect  of  the 
generator  on  the  vehicle,  on  the  vehicle 
engine,  and  on  a  broader  basis  -  the  mission 
of  the  truck. 
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Engine  life  can  be  estimated  based  on 
the  total  amount  of  fuel  the  engine  will 
consume  before  a  failure  is  expected.  The 
higher  the  hourly  fuel  consumption  rate,  the 
shorter  the  engine  life.  The  rationale  is 
that  if  the  engine  is  working  hard  it  will 
consume  more  fuel  in  a  given  amount  of  time 
and  wear  out  faster.  The  fuel  consumption 
rate  of  the  concept  demonstration  vehicle  is 
approximately  25%  of  the  amount  the  engine 
can  consume,  so  no  significant  decrease  in 
engine  life  can  be  expected. 

Providing  there  is  enough  room  in  the 
underside  of  a  tactical  vehicle  to 
accommodate  a  VILPG  no  adverse  conditions 
should  arise  from  the  installation.  As 
discussed  earlier,  a  design  constraint  for  an 
In-line  generator  involves  the  mechanical 
strength  of  the  generator  case  and  shaft. 
:^iven  that  this  constraint  is  met,  the 
failure  rate  of  the  electrical  machine 
portion  of  Military  Standard  family 
generators  and  the  new  Tactical  Quiet 
Generators  is  approximately  30000  hours  mean 
time  between  failure.  If  a  failure  were  to 
occur  in  the  controls  portion  of  VILPG  the 
host  vehicle  would  still  have  the  ability  to 
operate  normally. 


BENEFITS 

A  vehicle  equipped  with  a  VILPG  offers 
several  benefits  to  the  Army.  These  include: 
1.  Increased  mobility  -  limited  only  by  the 
vehicle's  capabilities.  2,  Improved 
deployability  -  up  to  90%  net  weight 
reduction  and  100%  towed  volume  elimination 
compared  to  trailer  mounted  power  sources. 
3.  Significantly  faster  time  to  operation  - 
engine  is  already  warmed  and  running  when  the 
operating  locale  is  reached.  4.  Lower 
logistics  costs  -  truck  maintenance  equates 
to  generator  set  maintenance  for  the  most 
part.  The  actual  amount  saved  would  depend 
on  the  application. 

Units  equipped  with  ViLPGs  will  have 
increased  mobility  because  of  a  decrease  in 
the  overall  size  and  weight  of  the  system. 
For  mission-critical  operations  which  require 
redundant  power  sources  the  Vehicle  In-Line 
Generator  could  function  as  either  the 
primary  or  secondary  power  source.  This 
would  not  only  eliminate  the  need  for  a 
second  towed  power  unit,  but  also  the  need 
for  another  truck  to  tow  that  power  source. 

The  20  kW  VILPG  installed  in  the  concept 
demonstration  vehicle  added  520  pounds  to  the 
weight  of  that  vehicle  without  increasing  the 
volume  of  the  truck.  A  MIL-STD  towed  power 
unit  of  similar  rating  weighs  5000  pounds  and 
occupies  650  cubic  feet.  The  reduction  in 
size  and  weight  is  a  very  substantial  benefit 
when  overseas  deployments  are  considered. 
Displacing/replacing  towed  power  units 
reduces  the  amount  of  equipment  which  has  to 


be  moved  by  either  air,  ship,  rail  or  truck. 

A  unit  equipped  with  the  Vehicle  In-Line 
Power  Generator  will  be  able  to  reduce  the 
time  required  for  mission  ready  operation 
once  it  has  arrived  at  its  destination.  The 
VILPG  equipped  vehicle  arrives  at  it 
destination  with  its  engine  running  and 
sufficiently  warm  to  accept  load.  Preparing 
for  operation  only  requires  engagement  of  the 
governor,  connecting  the  cabling  to  the  load, 
closing  the  contactor,  and  operating  at  will. 
In  contrast,  a  towed  power  unit  will  arrive 
cold  and  will  require  a  start  cycle  and  a 
finite  amount  of  time  to  sufficiently  warm  so 
that  it  can  accept  load.  A  cold  ambient 
condition  exacerbates  this  situation. 

Logistics  costs  can  be  expected  to 
decrease  as  the  number  of  tactical  generators 
decrease.  There  will  simply  be  less 
equipment  that  requires  maintenance.  The 
additional  maintenance  to  be  performed  on 
vehicles  equipped  with  a  VILPG  will  be 
limited  to  more  frequent  oil  changes  for  the 
vehicle  engines.  other  than  the  regular 
maintenance  on  the  vehicle  engine  and 
batteries,  the  In-Line  generator  should  be 
extremely  low  maintenance.  This  should 
actually  improve  the  utilization  of  vehicle 
maintenance  items  as  most  fluids,  for 
example,  are  changed  on  an  elapsed  time  basis 
rather  than  solely  on  operating  life 
considerations . 


CONCLUSIONS 

The  introduction  of  new  equipment  into 
the  Army  is  difficult  task.  The  amount  of 
testing  required  to  verify  the  function  and 
reliability  of  new  equipment  is  formidable 
and  expensive.  In  order  to  defray  these 
costs  all  of  the  military  services  are 
lookinr  toward  duel  use  technologies,  items 
or  systems  which  can  be  utilized  by  both  the 
military  and  civilian  sector.  There  are 
numerous  civilian  applications  which  require 
electrical  power  at  remote  locations,  from 
construction  to  oil  exploration.  The  VILPG 
concept  would  satisfy  these  applications 
quite  well. 

The  mission  envisioned  for  a  VILPG 
equipped  vehicle  is  one  in  which  the  vehicle 
carries  a  dedicated  load.  C^I,  military 
intelligence  or  contact  maintenance  functions 
operating  out  of  vehicle  mounted  shelters  are 
good  examples  of  operations  which  require 
high  mobility  and  readily  available  electric 
power.  The  VILPG  provides  more  tactical 
capabilities  while  reducing  the  costs 
associated  with  these  capabilities.  It  is  a 
concept  which,  when  viewed  with  the  entire 
Army  in  mind,  offers  a  better  overall  system 
solution.  Making  the  most  of  organizational 
assets  in  times  of  shrinking  budgets  makes 
sense. 


191 


Nickel-Metal  Hydride  Cell  Development 


Bill  Hawkins 

Advanced  Systems  Operation 
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Eagle-Picher  Industries  has  been  involved  in 
development  of  Hydride  systems  for  approximately  five 
years.  Both  silver  and  nickel-hydride  cells  deliver  higher 
energy  density,  and  greater  cycle  life  than  their  nickel- 
cadmium  or  silver-zinc  counterparts,  white  being 
environmentally  benign.  Cells,  modules  and  batteries  ranging 
from  nominal  four  to  255  AH  capacity  have  been  built  and 
tested.  These  serve  applications  as  diverse  as  vehicle 
propulsion  to  remote  location  power  back-up  to  satellite 
power.  This  paper  will  stress  hardware  built  and  tested  to 
date. 

Metal  Hydride  Alloys 

Eagle-Picher  is  currently  employing  an  AB5  metal 
hydride  alloy,  co-designed  with  Rhone-Poulenc,  the  alloy 
supplier.  Electrode  fabrication  is  accomplished  by  the 
pressed-powder  process.  Sintering  assist  materials  are 
included  in  the  powder  blend,  as  are  conductive  binders.  The 
alloy  of  choice  is  conservatively  designed,  but  tailored  to 
perform  well  across  a  wide  temperature  range,  while 
displaying  a  long  useful  life.  Typical  absorption-desorption 
curves  are  shown  by  Fig.  1 . 


Nickel-Metal  Hydride  Cell/Battery  Design  and  Production 

Positive  electrodes  used  in  the  nickel  system  are  the 
plaque-type,  and  may  be  produced  by  either  dry-sinter  or 
slurry  type,  activated  by  alcohol  or  aqueous  electrochemical 
impregnation  technique.  The  separator  is  typically  the 
conventional  non-woven  absorbent.  Nickel  and  silver- 
hydride  cells  and  batteries  produced  so  far  have  been  of  the 
prismatic  configuration.  (Fig.  2)  The  largest  single  number 
of  cells  of  one  type  include  those  supplied  to  Michigan  State 


Fig.  3 


Fig.  4 


University.  These  cells  were  incorporated  into  modules  for 
vehicular  power  (hybrid  electric)  for  the  1993  Ford  Hybrid 
Electric  Vehicle  Challenge  held  in  Dearborn,  MI,  on  June  1- 
5.  Another  configuration  which  has  been  constructed  for 
vehicle  applications  is  shown  in  Fig.  4  These  are  6VDC  265 
AH  modules  which  were  assembled  into  existing  nickel-iron 
packaging.  Eagle-Picher  has  a  long  history  of  supplying 
batteries  for  aerospace  applications.  Nickel-metal  hydride 
cells  and  batteries  are  being  built  currently  for  this  usage. 
One  such  battery  is  shown  in  Fig.5.  Cells  of  this  design  have 
ranged  from  4-100  AH  These  cells  are  effectively  sealed, 
starved-electrolyte  cells  in  stainless  steel  cases,  using  either 
ceramic  or  Ziegler  compression  seals.  They  feature  high- 
pressure  repetitively-operating  relief  valves  as  a  precaution. 

The  following  table  (Table  1)  summarizes  nickel-metal 
hydride  production  to  date. 


NICKEL  HYDRIDE 


43  EA . 1.25  AH 

52  EA . 4  AH 

262  EA .  10  AH 

321  EA . 40  AH 

12  EA .  100  AH 

6EA .  180  AH 

3  EA  (6  MODULES) .  255  AH 

SILVER  HYDRIDE 

120  EA .  15  AH 


Table  1 
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Nickel-Metal  Hydride  Activation  and  Testing 

The  activation  of  nickel-metal  hydride  cells  employs 
specific  conditioning  cycles.  Full  hydride  formation  is 
established  as  the  point  at  which  coulombic  efficiency 
exceeds  95%.  Fig.  6  illustrates  the  capacity  spread  achieved 
on  310  RMH-40  cells  following  conditiong  cycles.  These 
310  cells  are  from  two  activation  lots.  Good  cell  performance 
is  reproducible. 

Nickel-metal  hydride  cells  exhibit  excellent 
performance  during  rigorous  testing.  Cell  specific-energy 
(without  optimized  packaging)  with  the  current  hydride  alloy 
is  60  Wh/kg.  Using  an  improved  alloy  with  other  advanced 
cell  components  will  increase  cell  specific-energy  to  more 
than  80  Wh/kg. 

Coulombic  efficiency  testing  provides  a  good 
measurement  of  electrochemical  system  reversibility. 
Coulombic  effiency  is  defined  as  the  ratio  of  amp-hours  for 
cell  charge  (charge  in)  versus  amp-hours  of  discharge 
renimed  (charge  out).  It  also  provides  a  good  measure  of 
electrode  efficiency  by  establishing  the  level  of  overcharge 
required  for  optimal  cell  operation.  As  shown  in  table  2,  the 
nickel-metal  hydride  system  demonstrates  equal  or  superior 


results  to  comparable  alkaline  battery  technology  such  as 
nickel-cadmium  and  nickel-hydrogen.  A  10  AH  cell  test 
group  produced  an  average  efficiency  of  94%  over  the 
temperature  tange  of  0°C  to  20°C.  The  coulombic  efficiency 
was  measured  under  two  different  charge  conditions  for 
comparison  of  the  rate  dependence  of  the  efficiency.  All 
discharges  were  performed  at  the  C/2  rate  (5.0  amp).  A 
coulombic  efficiency  of  86%  was  measured  at  72°C  as  an 
additional  data  point  to  determine  temperature  dependence. 
This  data  is  presented  graphically  in  fig.  6. 

Charge  and  discharge  voltage  versus  time  for  RMH-10 
and  RMH-40  Ah  cells  for  testing  from  -10°C  to  50°C  is 
shown  in  fig.  7,8,9,  and  10.  The  cell  performance  is  typical 
for  nickel  alkaline  batteries.  Charge  voltage  is  slightly 
elevated  at  the  colder  temperature  due  to  the  increased 
impedance  of  the  electrolyte  and  separator.  Hydride  electrode 
efficiency  is  also  slightly  reduced  at  the  lower  temperatures. 
The  discharge  voltage  is  slightly  depressed  for  the  same 
reasons.  Cell  discharge  capacity  is  essentially  unaffected 
over  this  temperature  range. 

As  described  earlier,  Eagle-Picher  has  constructed 
several  nickel-metal  hydride  6  VDC  batteries,  packaged  as 
nickel-iron  modules. 
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Charge  retention  data  for  Eagle-Picher  nickel-metal 
hydride  cells  is  illustrated  in  fig.  1 1 .  The  cell  was  operated  at 
10°C  with  both  discharges  performed  at  the  C/2  rate.  The 
results  show  that  92%  of  the  original  cell  capacity  was 
returned  after  a  72  hour  open  circuit  stand. 


The  rate  capability  of  the  nickel-metal  hydride  cells  is 
excellent  with  good  voltage  response  and  high  coulombic 
efficiency.  Table  3  summarized  typical  capacity  results  for 
RMH-10  AH  cells  discharged  at  various  rates  ranging  fi-om 
C/2  to  2.5  C.  This  testing  was  done  at  20°C  on  a  full  20  cell 
nickel-metal  hydride  battery.  The  data  shows  the  average 
coulombic  efficiency  as  a  function  of  discharge  rate  under 
constant  current  charging  conditions.  Efficiency  varies  from 
97%  at  the  C/2  rate  to  88%  at  the  2.5  C  rate.  Cell  discharge 
capacity  is  nearly  independent  of  discharge  rate  over  this 
range. 


Fig.  10 


Test  Description 
(DIschg.  5.0A  to  0.5  VDC) 

Capacity 
In  (Ah) 

Average 

Coulombic 

Efficiency 

10X:  Chg.  3.5A/3.2  Hrs. 

11.2 

94% 

20’C:  Chg.  3.5A/3.2  Hrs. 

11.2 

95% 

O’C.  Chg.  5.1A/  2  Hrs. 

10.2 

88% 

10*C:  Chg.  6.1A/  2  Hrs. 

10.2 

97% 

20*C:  Chg.  5.1A/  2  Hrs. 

10.2 

96% 

SUMMARY  OF  EFFICIENCY  PERFORMANCE 
RMH-10  CELLS 

Table  2 
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T«st  OMcription 

Capadfy 
In  (Ah) 

Avoragt 

Couiombic 

EfHdoncy 

20*C:  Chg.  3.5A  to  29.14  VDC, 
Oischg.  S.OA  to  20.0  VDC 

10.51 

96.7% 

20*C:  Chg.  3.5A  to  29.14  VDC. 
Dischg.  20.0A  to  20.0  VDC 

10.50 

91.9% 

20*C:  Chg.  3.5A  to  29.27  VDC. 
Oischg.  25.0A  to  20.0  VDC 

102 

88% 

SUMMARY  OF  BATTERY  PERFORi 

MANCE 

Table  3 


Life  Testing  of  Nickel-Metal  Hydride  Cells 

A  group  of  ten  selected  cells  of  10  AH  capacity  was 
cycled  on  LEO  orbits  at  45%  depth.  Testing  was  terminated 
at  4000  cycles,  with  cells  maintaining  90%  of  original 
capacity.  Modeling  routine  have  fixed  the  cycle  life 
probability  of  this  cell  design  at  16,000  cycles,  based  upon 
observed  performance  data. 


eagl»Pfcfiw  McMMMal  NMN-lt  C««>.  LM>  Tmi  C«.  ClMck. 

LEOCycl«,4f%0OO 


Fig.  14 


Silver-Metal  Hydride  Cell/Battery  Design  and  Testing 

The  Eagle-Pichcr  silver-metal  hydride  cells  are  based 
upon  existing  silver-zinc  technology.  The  silver  electrode, 
separator  and  activation  techniques  are  the  same.  Replacing 
the  zinc  electrode  with  the  metal  hydride  electrode  will 
increase  both  the  calendar  life  and  cycle  life  of  the  silver- 
metal  hydride  cells  versus  silver-zinc  cells.  Development  of 
the  silver-metal  hydride  system  is  currently  lagging  behind 
the  nickel  system,  but  testing  of  early  cells  looks  promising. 
Cells  were  built  into  the  same  packaging  as  nickel-metal 
hydride  cells.  This  allows  for  direct  comparison  of  specific- 
energy.  Current  10  AH  nickel-metal  hydride  cells  built  as 
silver-metal  hydride  yield  approximately  23  AH.  This 
corresponds  to  a  conservative  specific-energy  of  over  100 
Wh/kg.  Life  testing  of  these  cells  is  pending. 

Fig.  15  shows  a  comparison  of  capacity  versus  ceil 
voltage  for  nickel-metal  hydride  and  silver-metal  hydride 
cells.  The  inherent  higher  energy  density  of  the  silver  system 
is  evident. 
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ABSTRACT 

Ovonic  Nickel  Metal  Hydride 
Batteries  (Ni-MH)  for  consumer  and  EV 
applications  have  specific  energies  of  80 
Wh/Kg  and  energy  densities  greater  than 
200  Wh/I.  The  development  of  Ovonic  EV 
batteries  has  been  accelerated  by  the 
award  of  USABC  contract  in  May  1992. 
Presantly  Ovonic  Ni-MH  batteries  are 
being  produced  in  various  sizes  ranging 
from  1500  mAH  AA  size  cells  to  250  AH 
EV  batteries.  In  this  paper  some  of  the 
latest  performance  data  is  discussed  and 
future  trends  projected.  The  USABC  mid 
term  goals  have  been  met  in  prototype 
batteries  and  in  the  laboratory.  Cycle  life 
test  is  ongoing. 

Ovonic  Cells  have  been  subjected 
to  cycling  (both  charging  and  discharging) 
at  various  temperatures  from  -20°C  to 
+70“C  .  Between  80  and  85%  of  the 
ambient  temperature  capacity  has  been 
realized  at  -20“C  The  capacity  of  the  cell 
decreases  by  about  50%  at  70°C. 

However,  capacity  returns  to  rated  values 
at  room  temperatures.  Ovonic  cells  have 
achieved  low  self  discharge  rates,  as  low 
as  10%  decrease  in  one  month.  This  has 
been  achieved  by  improvement  of  the 
metal  hydride  alloys,  positive  electrodes 
and  separators. 

Due  to  a  high  specific  power  over 
200  W/Kg,  Ovonic  EV  cells  also  have 
delivered  a  high  energy  density  under 
simulated  driving  profiles  like  the  SFUDS 
18-53  KWH  packs  have  been  built  and 
tested  in  electric  vehicles  where  vehicle 
performance  and  increased  range 
projections  were  verified. 

OBC  Ni-MH  iTKKlules  and  individual 
cells  have  been  subjected  to  various 
abuse  tests  with  excellent  results.  These 
modules  are  expected  to  find  uses  in 
military  and  space  based  applications. 

In  1992  OBC  was  awarded  a  Phase  I SBIR 
contract  to  work  on  the  Ni/MH  batteries  for 


small  satellite  applications.  Recently 
contract  negotiations  on 
Phase  II  of  this  work  have  begun  .  Further 
work  is  continuing  to  increase  the 
near-term  er>ergy  density  of  the  Ovonic 
Cells  from  80  to  1 20  Wh/Kg  and  the  long 
term  energy  density  on  to  150  Wh/Kg. 

Introduction. 

Historically,  there  has  been  a 
desire  to  standardize  the  power  sources 
in  the  amned  forces  so  that  simplified 
inventory  control  and  quick  replacement  is 
assured.  Practically,  this  has  proved 
difficult  to  accomplish  due  to  the  variety 
of  power  requirements  different  equipment 
requires.  If  one  battery  system  could 
become  universal  it  would  be  extremely 
beneficial.  The  performance 
characteristics  of  the  Ovonic  NiMH 
rechargeable  battery  system  promises 
such  a  possibility  and  has  provoked 
renewed  interest  in  standardizing  power 
sources.  In  this  paper  Ovonic  nickel  Metal 
hydride  battery's  performance  attributes 
are  reviewed  and  future  trends  indicated. 

The  Ovonic  nickel  metal  hydride 
battery  system  has  been  in  development 
since  1979.  Although  the  concept  of 
combining  a  metal  hydride  electrode  with  a 
conventional  nickel  electrode  to  produce  a 
viable  rechargeable  battery  has  been 
studied  for  over  30  years,  identifying  an 
acceptable  metal  hydride  material  was 
not  easy.  For  a  metal  hydride  to  be 
effective  as  a  negative  electrode  the 
following  criteria  have  to  be  met. 

*.  the  metal  hydride  material  should  have 
good  hydrogen  storage  properties:  the 
material  should  preferably  have  greater 
than  1  wt.%.  hydrogen  storage  capacity 

*.  the  thermodynamic  properties  of  the 
metal  hydride  material  should  be  suitable 
for  reversible  absorptiorr/desorption:  the 
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AH  value  should  be  about  8-10 
Kcals/mole 

*  the  metal  hydride  material  should  have 
high  oxidation  resistance  in  alkaline 
electrolytes  so  that  it  will  be  active  even  in 
the  oxidizing  atmosphere  in  the  cell 

*.  the  metal  hydride  material  should  have 
high  corrosion  resistance  but  should  not 
become  totally  passive 

*.  the  metal  hydride  material  should  have 
sufficient  discharge  kinetics:  i.e,  the 
diffusion  coefficient  of  hydrogen  diffusion 
from  the  bulk  to  the  surface  should  be  high 
and  the  material  should  possess  sufficient 
catalytic  activity. 

*.  the  metal  hydride  material  should  also 
be  capable  of  forming  hydrides  from 
molecular  hydrogen.  This  implies  that  it 
should  have  good  catalytic  activity  for  the 
dissociation  of  hydrogen  molecule  so  that 
it  can  form  atomic  hydrogen  which  can 
then  be  absorbed  to  form  hydrides  easily: 
This  property  is  needed  to  assure  good 
overdischarge  protection. 

*.  the  metal  hydride  material  should  be 
easily  manufacturable:  it  should  be  easily 
meltable,  size  reducible  and  electrode 
formable  in  a  relatively  simple  process. 

*.  the  metal  hydride  material  should  not 
have  components  that  are  expensive  or 
the  processing  should  not  be  complicated 
such  that  the  production  costs  go  up.  Also 
the  scrap  and  trim  recycle  capability 
should  exist  to  increase  the  material 
utilization  efficiency. 

Ovonic  Ni-MH  technology  consists 
of  a  family  of  proprietary  alloys  developed 
specifically  for  electrochemical 
charging/discharging,  which  are  combined 
with  the  conventional  nickel  /nickel 
hydroxide  positive  electrodes  with 
appropriate  separators  and  aqueous 
potassium  hydroxide  electrolyte.  The  heart 
of  the  Ovonic  technology  lies  in  the 
proprietary  alloys  developed  for  the 
purpose  of  reversible  electrochemical 
absorption  and  desorption  of  hydrogen. 
The  principal  components  of  Ovonic  Metal 
hydride  electrodes  and  their  functions  are 
indicated  below. 

1 .  Vanadium. 

assures  good  hydrogen 
storage  (VH,) 
soluble  oxide,  porosity  to 
surface  (VOJ 
high  A  H 


2  Zirconium: 

good  hydrogen  storage 

(ZrH,) 

high  AH 

excellent  metallurgy 
passive  oxide  (ZrOJ 

3.  Titanium: 

good  hydrogen  storage 
(TiH,) 

passive  oxide  (TiOj) 
high  A  H 

4.  Nickel : 

no  hydrogen  storage 
destabilizes  AH 
resistant  to  oxidation 
catalyst  for  hydrogen 
oxydation 

5  Chromium: 

vanadium  corrosion 
inhibitor 

In  addition,  small  amounts  of  other 
elements  are  added  to  alter  one  or  more 
properties  such  as  high  temperature/low 
temperature  performance,  self  discharge, 
rate  capability  etc.  The  uniqueness  of 
these  alloys  rests  in  their  disordered 
microstructures  and  the  presence  of 
multiple  phases.  These  different  phases 
exist  very  close  to  each  other.  Some  of 
these  phases  act  as  hydrogen  storage 
media  and  some  act  as  hydrogen 
oxidation  catalysts,  their  dose  proximity 
assisting  each  other  in  the  final 
performance  (1-4).  The  idea  of  material 
modification  originally  proposed  and 
patented  by  ECD/OBC  (1 )  is  being 
successfully  applied  to  other  metal  hydride 
systems  by  others  in  the  field. 

During  charging  at  the  negative 
electrode  atomic  hydrogen  discharged  at 
the  surface  is  absorbed  by  the  negative 
electrode,  forming  the  hydride.  At  the 
same  time  the  positive  nickel  electrode 
gets  converted  from  nickel  hydroxide  to 
nickel  oxyhydroxide.  However  beyond  a 
certain  charge  level  oxygen  starts 
evolving  at  the  positive  electrode.  Since 
the  OBC  Ni-MH  system  has  been 
developed  as  a  maintenance  free  system, 
this  oxygen  evolved  should  be  effectively 
removed  to  avoid  undue  pressure 
development.  This  is  performed  by  the 
recombination  of  oxygen  at  the  negative 
hydride  electrode.  Thus,  there  is  a  built-in 
overcharge  protection  reaction.  Similarly 
during  overdischarge  the  positive 
electrode  potentials  are  depressed  so  far 
negative  that  they  start  evolving  hydrogen. 
This  hydrogen  is  also  effectively 
recombined  at  the  negative  electrode. 
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This  is  a  unique  feature  that  does  not 
exist  in  nickel  cadmium  or  other  nickel 
based  systems.  In  these  systems  a  small 
amount  of  ttie  negative  active  material 
(called  the  anti  polar  mass)  is  deliberately 
added  to  the  positive  electrode  to  take 
care  of  a  limited  amount  of  overdischarge. 
The  reactions  involved  in  an  Ovonic 
Ni/MH  battery  is  shown  in  Fig.1 . 


Figure  1 


The  Ovonic  negative  electrodes 
materials  are  made  today  in  350  lb  lots  In 
view  of  their  high  hardness  ( greater  than 
Rockwell  C  60)  these  ingots  are  size 
reduced  by  a  proprietary 
hydriding/dehydriding  technique  followed 
by  a  traditional  mechanical  grinding 
operation  The  powders  are  pressure 
compacted  in  a  roll  mill  onto  a  nickel 
screen  and  sintered  in  a  protected 
atmosphere.  Present  generation  of  Ovonic 
negative  materials  have  a  specific  capacity 
of  about  400  mAh/g.  In  order  to  realize 
the  full  benefit  of  the  negative  electrodes  it 
is  necessary  to  combine  them  with  highly 
efficient  and  highly  loaded  positive 
electrodes.  OBC  has  optimized  the 
conventional  chemically  impregnated 
positive  electrode.  More  recently  it  has 
also  developed  a  pasted  positive  electrode 
technology  which  has  given  energy 
density  advantages  and  cost  effectiveness. 
The  pasted  positive  electrode  technology 
involves  pasting  a  slurry  of  nickel 
hydroxide  powder  with  additives  and 
binder(s)  onto  to  a  nickel  foam  /fiber  matte, 
drying  and  calendering  .  It  is  less  labor 
intensive,  more  reproducible  and  is  light 
weight. 


The  performance  characteristics  of  the 
Ovonic  Cells  are  summarized  below. 

1 .  Specific  energy  :  80  Wh/Kg  compared 

to  30  to  45  Wh/Kg  for 
the  best  lead  acid  and 
nickel  cadmium  cells. 

2.  Energy  density:  >200  Wh/L  compared 

to90to130Wh/Lfor 
the  others 

3.  Power.  over  200  W/Kg  at 

50%  Depth  of 
discharge 
Fig.{  2,3,4,5,6) 

4.  Environmentally 

friendly.  Recyclable,  can  be 

disposed  of  in 
landfills  as  non 
hazardous  waste  by 
EPA  standards  (6,7) 

5.  Cycle  life:  over  1000  cycles  at 

100  %  depth  of 
discharge  (Fig.3,  4) 

6.  No  maintenance.  Totally  sealed 

recombinant 

technology 

7.  Operating 

Temperature:  -  20  ®C  to  +  70"C 


8.  Fast  charge.  can  be  fast  charged 
in  15  minutes  to 
60%  charge  levels. 


Figure  2 
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capacity  (Ah) 


Cycle  Life  of  Ovonic  AA-Size  NiMH 
Cells  with  Pasted  Positive  Electrode 

AA  Nl  -  MH 
C/2  to  1 05*.  C/2  to  too* 


Figure  4 


lACd 


Life  of  OVOHIC  irfDRIOC  Cells 
Using  MNirCMA/rCrR 
VnLIIAtKM  («  "**• 


After  successfully  developing  the 
technology  for  consumer  batteries  Ovonic 
Battery  Company  has  licensed  various 
manufacturers  throughout  the  world 
Development  of  the  nickel  metal  hydride 
system  for  electric  vehicle  applications 
was  started  about  4  years  ago  Today, 
prismatic  Ovonic  celts  are  produced  from 
25  Ah  to  250  Ah  without  any  tradeoffs  in 
performance  In  addition  to  USABC,  this 
technology  has  been  licensed  to  Hyundai 
Motor  Company  in  Korea,  Gold  Peak 
Industries  in  Hong  Kong,  and  Sovlux  in 
Russia 


Temperature  performance  of  the 
Ni-MH  batteries  is  excellent,  capable  of 
being  charged  and  discharged  from  -20°C 
to  above  70°C  In  military  applications 
this  is  a  vital  requirement  as  the  military 
operations  could  take  place  in  any  part  of 
the  globe  and  the  equipment  should  be 
operational  under  all  conditions.  The 
capacity  realized  decreases  slightly  as  the 
temperature  is  increased  and  at  7C)®C 
about  50  %  of  the  capacity  is  realized 
However  once  the  cells  are  returned  to 
room  temperature  full  capacity  is  realized. 
(  Fig  7).  It  is  well  known  in  the  nickel 
electrode  technology  that  at  higher 
temperatures  the  nickel  positive  electrode 
charging  efficiency  decreases  If  the  same 
fixed  amount  of  charge  is  being  put  in  ,  the 
decrease  of  charge  efficiency  will  result  in 
lower  charge  acceptance  and  hence  the 
capacity  output  will  also  be  lower  Similarly 
at  -20°  C  between  80  to  85  %  of  the 
ambient  temperature  capacity  is  realized. 
The  decrease  in  the  cell  capacity  at  lower 
temperatures  can  be  explained  by  the 
increased  polarization  at  lower 
temperatures.  As  the  cell  reactions 
indicate,  one  of  the  products  of  reaction  is 
water .  If  the  water  is  produced  inside  the 
pores  locally  it  will  reduce  the 
concentration  of  electrolyte  causing  the 
electrolyte  to  freeze.  This  will  result  in 
polarization  More  work  is  being  performed 
to  decrease  this  polarization. 

The  excellent  power  density  of 
Ovonic  EV  cells  has  been  verified  by 
Argonne  National  Labs.  data.  (5).  The 
cycle  life  of  the  individual  cells  ,the 
modules  and  the  pack  have  all  been 
excellent. 


Figure  5 
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The  self  discharge  property  of 
Ovonic  cells  has  been  considerably 
improved  over  the  years.  This  has  been 
achieved  by  a  host  of  changes  introduced 
in  the  materials  and  the  technology  Fig.  8 
shows  that  the  self  discharge  improvement 
has  surpassed  even  the  best  nickel 
cadmium  cells.  As  little  as  10  % 
decrease  in  the  capacity  of  the  cell  within  a 
month  is  achievable. 

The  Ovonic  Metal  Hydride 
technology  has  no  limitation  in  size  or 
capacity.  Celts  ranging  from  button  cells 
to  large  prismatic  cells  have  been  built  and 
tested.  Similarly  electric  vehicle  prototype 
modules  have  been  built  and  tested  for 
cycle  life  under  SFUDS  mode.  By 
connecting  several  of  the  modules 
together,  a  pack  is  formed.  Such  packs 
have  been  assembled  and  fitted  in 
vehicles  and  tested.  Figs  9  and  10  show 
some  of  these  vehicles.  In  addition  these 
cells  have  been  developed  for  NASA  for 
use  in  small  satellites  urKler  an  SBIR 
contract  award.  Phase  II  of  the  contract 
has  just  been  awarded.  Fig.  1 1  shows  a 
typical  performance  profile  for  a  6.0  AH 
prismatic  cell.  The  equivalent  Ni/Cd 
delivered  2.5  Ah. 

Ovonic  nickel  metal  hydride  cells  in 
lab  prototype  stage  have  achieved  over  86 
Wh/Kg  energy  density  and  with 
improvements  in  the  positive  active 
materials  and  the  negative  electrode 
materials  it  is  expected  to  increase  the 
energy  density  will  be  increased  near  tenn 
to  100  WH/Kg  and  eventually  150  Wh/Kg 
in  a  few  years.  This  increased  energy 
density  will  result  in  smaller  packs  to  carry 
out  the  same  or  more  functions  than 


OVONIC  Ni-MH  C  C^ls  DischargMt  Q  C/S 
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Figure  7 


presently  possible  with  a  battery  pack  that 
is  not  any  bigger  than  present  ones  For 
example  in  desert  combat  conditions  with 
the  Ovonic  high  energy  density  batteries  it 
is  now  possible  to  carry  small  power  packs 
to  power  personal  air  cooling  systems  or  in 
Arctic  corxlitions  personal  heating 
systems. 

Summary:  Ovonic  Nickel  Metal  Hydride 
batteries  for  consumer,  electric  vehicle  and 
military  applications  have  been  produced 
successfully  without  sacrificing  any  of  the 
performance  They  have  been  subjected 
to  extensive  in-house  testing  and  by  all  the 
licensees  of  Ovonic  Battery  Company  as 
well  as  outside  testing  by  agencies  such 
as  the  Argonne  National  Laboratory. 
Presently  electric  vehicle  power  packs  are 
being  successfully  demonstrated  in 
several  EVs. 


OVONIC  NI-MH  C  Calls  Dischargwl  e  C/S 

Capacity  vs  TentptfUMW  (both  charge  and  diecliarae) 


OVONIC  Ni-MH  C  C«ll«  Charged  Q  aiO 
CapecWy  vs  Temperature  (both  charge  and  Oacliarge) 


i«  sse  100  <w  too  i»  )oe  iM  «ao  «»  soe 
CAMscrrvMWi 
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Introducti<Mi 

Tbe  ability  of  certain  intennetallic  alloys  to  reversibly 
absorb  significant  amounts  of  hydrogen  at  low  pressures 
and  high  potentials  is  being  exploited  for  several 
applications.  In  particular,  tbe  replacemoit  of  Cd  in  a  Ni- 
Cd  cell  with  tbe  metal  hydride  (MH)  anodes  has  resulted  in 
substantial  gains  in  the  specific  energy,  energy  density, 
cycle  life  and  in  tbe  environmental  compatibility.  Also,  the 
Ni-MH  cells  have  the  advantages  of  sustaining  high 
discharge  rates,  fast  charge  rates  and  gas  recombination 
processes  during  overcharge  and  overdischarge  similar  to 
Ni-Cd.  With  the  voltage  and  the  charge  methods  also 
being  almost  identical,  the  Ni-MH  cells  are  expected  to  gain 
prominence  over  Ni-Cd  in  applications  ranging  from 
portable  electronic  appliances  to  electric  vehicles. 

Two  classes  of  metal  hydrides  alloys  based  on  rare  earth 
metals  and  titanium  (AB2)^^)  are  being  currently 

developed  at  various  laboratories.  The  Afi5  alloys  are 
essentially  based  on  LaNi5  with  various  substituents  for  La 
as  well  as  Ni  to  stabilize  the  alloy  during  charge-  discharge 
cycling,  by  reducing  the  internal  stress  on  hydrogen 
absorption  and/or  forming  protective  surface  films.  For 
example,  the  volume  expansion  is  reduced  by  a  partial 
substitution  of  Ni  with  Co  and  the  interfacial  properties 
improved  with  small  amounts  of  A1  or  Si(^\  Sakai  et  al^^) 
studied  the  ternary  alloys  with  different  ternary  solutes 
including  Mn,  Cr,  Al,  Co  and  Cu.  The  cycle  life  improves 
upon  the  substitution  of  Ni  with  tbe  ternary  solute  in  tbe 
order  Mn  <  Ni  <  Cu  <  Cr  <  Al  <  Co.  A  substitution  of  the 
rare  earth  metal  site  with  Ti^^,  7j^^\  or  other  lanthanides 
such  as  Nd(^)  and  Ce^  render  the  formation  of  a  protecdve 
surface  film  and  enhance  tbe  cycle  life.  This  eventually  led 
to  tbe  use  of  relatively  inexpensive  misch  metal.  Mm,  a 
naturally  occurring  mixture  of  rare  earth  metals  (mainly  La, 
Ce,  Pr  and  Nd)  in  place  of  La.  The  use  of  misch  metal  also 
improved  the  dur^Uity  of  tbe  alloy,  as  evident  from  tbe 
long  cycle  life  as  well  as  the  quantitative  estimates  of  the 
surface  layers  (La(OH)3  and  Mm(OH)3)  on  tbe  cycled 
electrodes^\  Tbe  alloy  formulations  currently  in  use  thus 
contain  (Mm)(Ni-Co-Mn-Al)5(*>^\  often  with  other 
transition  metal  additives,  such  as  W  and  Mo. 

Despite  the  fact  that  the  effect  of  the  substitution  of  La  with 
Ce  and  Nd  were  studied  independently,  the  optimum 
composition  of  the  misch  metal  has  not  been  report^.  Nor 


are  tbe  effects  of  the  La  substituents  on  tbe  electrochonical 
characteristics  of  tbe  alloy  understood.  In  this  work,  a 
systematic  study  has  been  attempted  to  vary  the  misch  metal 
composition,  especially  with  respect  to  tlMS  ratio  of  La  and 
Ce,  and  to  correlate  their  electrochemical  behavior  with 
their  performance  in  alkaline  rechargeable  cells. 

Experimental 

These  alloys  were  supplied  by  Rhone-Poulenc  Basic 
Chemical  Co.  Out  of  tbe  sevoal  alloys  supplied, 
representative  samples  were  chosen  that  would  vary 
essentially  in  the  misch  metal  composition  (Table  - 1) ,  with 
tbe  transition  metal  composition  (Ni  sites)  being 
approximately  similar. 

The  as  supplied  alloys  were  pulverized  by  ball  milling 
and/or  hydrogen  absorption  -  desorption  cycles.  Tbe  MH 
powder  (<  75  was  mixed  with  20  w%  Ni  powder  (INCO 
type  255,  -  1  p).  Electrodes  (1"  x  1",  -250  mAh)  were 
made  from  the  mixture  of  MH  and  Ni  powders  and  5  w% 
Teflon,  by  hot-pressing  onto  a  Ni  Exmet  Electrodes  for  tbe 
basic  electrochemical  studies  were  prepared  by  filling  tbe 
cylindrical  cavity  in  the  BAS  di^  electrodes  with  the 
mixture  of  electrode  powders  and  Teflon,  of  equal  quantities 
in  each  case.  This  would  ensure  surface  area,  charge 
density  (mAh/cm^)  and  porosity,  thus  permitting  a 
comparison  of  different  electrochemical  parameters  of  tbe 
MH  alloys.  NiOOH  electrodes  from  an  aeroqiace  Ni-Cd 
cell  formed  the  counter  electrode  and  a  Hg/HgO  smed  as 
tbe  reference  electrode.  A  three-electrode  flooded  cell  with 
a  Luggin  c^illary  for  the  reference  electrode  was  adopted 
for  tbe  basic  electrochemical  studies.  A  prismatic  glass  cell 
with  nylon  (Pellon)  separator  was  employed  for  the  cycle 
life  studies.  Tbe  electrolyte  contained  31  w%  KOH 
solution.  Electrochemical  experiments  were  performed  with 
273  EG&G  Potentiostat/Galvanostat  interfaced  with  an 
IBM-PC.  Cycling  of  tbe  cells  was  carried  out  with  an  in- 
house  automatic  battery  cycler  at  constant  current  (4 
rrrA/cm^  C/5  rate)  to  -0.5  V  vs.  Hg/HgO  during  discharge 
and  to  charge  return  of  120%. 

Results  and  Discussion 

Cyclic  Voltammetry  :  Cyclic  voltarrunetry  was  carried  out 
in  the  anodic  range  from  the  opoi  circuit  potential  (-0.6  V 
vs.  Hg/HgO)  to  0.4  V  vs.  Hg/HgO  on  the  virgin  alloy,  i.e.. 
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before  incorporating  any  hydrogen  therein.  This  is  expected 
to  provide  a  comparative  assessment  of  the  susceptibility  of 
the  alloys  towards  oxidation.  The  oxidation  of  the  MH  alloy 
forming  a  passive  surface  film  is  one  of  the  prominent 
modes  of  failure  of  the  MH  electrodes  during  charge- 
discharge  cycling^).  Such  an  oxidation  is  also  responsible 
for  a  reduced  cycle  life  in  oxygenated  environments  during 
overcharge,  though  the  MH  alloy  is  expected  to  be 
catbodically  protected  from  oxidation.  Also,  the 
voltammetric  studies  in  the  above  window  are  relevant  to 
the  practical  application  i.e.,  during  deep  discharge, 
especially  when  the  MH  becomes  capacity-limiting. 

The  E>C  cyclic  voltammetric  curves  of  the  MH  electrodes 
revealed  no  peaks  corresponding  to  the  oxidation  of  the 
mtyor  alloying  elements,  e.g..  La,  Ce,  Ni,  Co  and  Mn.  This 
is  not  surprising,  since  the  iwersible  potentials  of  all  the 
alloying  elements  (La :  -2.9,  Ce  :  -2.87  ,  Co  :  -0.73  V,  Mn  : 
-1.55  V  and  Ni  :  -0.72  V  vs.  Hg/HgO)  are  negative  to  the 
open  circuit  potential,  such  that  they  would  exist  only  in  the 
oxidized  form,  as  evident  from  the  AES  studies  on  the  alloy 
surfaces^^).  A  deoxygenation  of  the  electrolyte  hasn't 
altered  the  voltammograms,  implying  that  the  peaks  are 
related  to  the  hydroxyl  ions  instead  to  dissolved  oxygen. 
All  the  MH  alloys  exhibited  suong  peak  @  0.4  V,  which 
may  be  attributed  to  the  oxygen  evolution.  Also,  its 
conjugate  reduction  peak  was  also  observed  in  the  reverse 
scan.  This  points  to  a  possibility  of  using  the  MH  electrode 
as  the  current  collector  for  the  oxygen  reaction  in  alkaline 
media,  which  may  be  exploited  in  the  fields  of  rechargeable 
metal  -  air  cells  or  fuel  cells. 

Charge  Discharge  Behavior 

Galvanostatic  cathodic  (charge)  and  anodic  (discharge) 
polarization  curves  were  obtained  at  17  and  57  inA/cm^’ 
respectively.  The  electrodes  were  overcharged  -400  mAh/g 
to  ensure  complete  hydriding  of  the  MH  alloy.  The  anodic 
polarization  (discharge)  curves  (Rg.  1)  reveal  that  the 
discharge  voltages  decrease  in  the  order  6025  >  6077  or 
6026  >  6039  >  IBA  5.  The  discharge  specific  capacity 
obtained  under  these  conditions  increases  in  the  order 
LaNi5  <  IBA  5  <  6039  <  6026  <  6025  (Fig.  7).  This  may 
be  a  result  of  incomplete  charging  of  some  of  the  alloys  due 
to  their  high  (>  1  atm)  equilibrium  pressure. 

Electrochemical  Isotherms 

Electrochemical  isotherms  were  generated  for  the  MH 
alloys  from  the  equilibrium  electrode  potentials  at  various 
concentrations  of  hydrogen  in  the  alloy  (state  of  charge), 
after  effecting  absorption  /  desorption  of  known  quantities 
of  hydrogen  by  constant  current  charging  and  discharging. 


respectively.  The  equililMium  electrode  potentials  are 
related  to  the  equilibrium  hydrogen  pressure,  Ph2  as 
Eo(vs.  HgO/Hg)  =  -0.9324  -  0.0291  ln(PHj) 

The  electrochemical  (EC)  isotherms  during  absorption  (Fig. 
2)are  slightly  different  from  the  gas  phase  isotherms,  i.e., 
the  inflection  in  the  pressure  at  the  end  of  absorption  is 
absent,  possibly  due  to  the  cell  internal  pressures  limited  by 
the  present  design.  The  discharge  isotherms,  cm  the  other 
hand  are  much  similar  to  the  gas  phase  isotherms.  The 
absorption  equilibrium  pressure  for  the  MH  alloy  decrease 
in  the  order  5978  (300  psig)  >  6039  (60)  >  6077  (40)  > 
6026,  which  is  the  same  order  for  the  variation  of  the 
specific  discharge  capacity.  Apparently,  the  equilibrium 
pressure  reflects  the  chargeability  of  the  alloy  under  the 
present  conditions.  The  discharge  isotherms  reveal  the  ease 
of  oxidation  of  the  alloys.  The  desorption  equilibrium 
pressure  is  to  be  higher  tJ^  10'^  to  facilitate  desorption. 

DC  Polarization  Studies 

Often,  the  kinetics  of  hydrogen  absorption  /  desorption  are 
slowed  down  by  the  addition  of  (film-forming)  substituents 
added  to  stabilize  the  alloy.  In  order  to  detmnine  the 
effects  of  the  substitution  of  La  with  Mm  (especially  Ce)  on 
the  discharge  /  charge  kinetics,  DC  polarization 
experiments  woe  carried  out  on  the  alloys  and  kinetic 
parameters  were  evaluated  therefrom.  Micropolarization 
and  Tafel  experiments  were  conducted  separately  on  the 
alloys  under  potentiodynamic  conditions  at  scan  rates  of 
0.02  mV/s  and  0.5  mV^,  respectively.  The  scan  rates  were 
so  chosen  as  to  provide  near-  steady  state  conditions  and 
yet  with  minimal  changes  in  the  electrode  state  of  charge  or 
surface  conditions. 

The  values  of  polarization  resistance  estimated  from  the 
slopes  of  micropolarization  curves  of  different  MH  alloys 
(Hg.  3)  ate  fairly  identical  with  a  marginal  decrease  in  the 
order  5978  >  6025  >  BA  5  >  6077  >  6026  >  6039.  The 
Tafel  polarization  curves  (Rg.  4)  also  seem  to  be  identical 
for  different  MH  alloys,  except  for  slight  diffmnces.  The 
polarization  curves  were  obtained  from  the  anodic  segment, 
to  avoid  potential  fluctuations  due  to  the  hydrogen  evolved 
on  the  electrode  during  reduction.  The  curves  indicate 
strong  mass  transfer  effects  at  high  currents.  From  the 
Tafel  plots,  the  overpotentials  at  any  c.d.  increase  in  the 
order  6039  >  6026(6077)  >  5978  >IBA5  >  6025.  The 
exchange  current  densities  from  the  Tafel  plots  are  of  the 
order  lO'^-lO'^  A/cm^  and  the  transfer  coefficients  are  0.12- 
0.23.  The  cathodic  Tafel  segments  often  show  two  distinct 
slopes  (e.g.,  LaNi5  ),  due  to  the  occurrence  of  hydrogen 
evolution  reaction. 
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Cycle  Life  Studies 

Finally,  the  performance  of  the  MH  alloys  during  charge- 
discharge  cycling  was  evaluated  in  2S0  mAh,  negative 
limited,  prismatic,  latxMatory  test  cells.  Despite  the  fact 
that  the  sealed  cells  are  typically  made  in  the  positive  - 
limited  mode  to  permit  overcharge  mechanism,  the  present 
cells  were  designed  to  understand  the  life-limiting 
mechanisms  at  the  MH  electrode.  These  cells  were 
overcharged  by  120%  to  ensure  complete  charging. 
Accordingly,  the  cycle  lives  under  these  conditions  are 
expected  to  be  shorter  than  in  the  sealed  configuration. 

The  cycle  life  of  the  cells  containing  different  MH  alloys  are 
repOTted  in  Fig.  S  .  As  may  be  expected  there  is  a  wide 
range  in  the  cycle  life;  the  shortest  being  for  LaNi5  that  has 
poor  chargeability  and  increases  in  the  order  6039  <  IBA  S 
<  6077  <  6026  or  6025.  In  the  course  of  the  cycling  the  end 
of  charge  voltage  shows  a  gradual  increase,  the  voltage 
decreasing  once  again  in  the  above  order. 

Effect  of  Misch  Metal  Composition 

The  above  cycling  studies  may  be  recast  as  in  Fig.  6,  to 
illustrate  the  effect  of  the  misch  metal  composition  on  the 
cycle  life.  As  may  be  seen  from  the  figure,  the  cycle  life 
improves  upon  sutetituting  La  with  Ce,  and  tends  to  level 
off  around  30  mol  %  La  and  50  mol  %  Ce.  The  initial 
capacity  also  seem  to  improve  with  an  increase  in  a  similar 
manner  ratio.  The  kinetics  of  the  hydriding  are  relatively 
unaffected  by  the  substitution  of  La  with  Ce.  The  optimum 
composition  for  the  misch  metal  in  the  MH  alloy  would  thus 
ccHitain  around  30  mol  %  of  La  and  50  mol  %  of  Ce  with 
the  remainder  being  Nd  and  Pr.. 

Condusions 

Various  electrochemical  studies  carried  out  on  the  MH 
alloys  revealed  that  the  optimum  composition  for  the  misch 
metal  in  the  AB5  should  contain  30  mol  %  of  La  and  55 
mol  %  of  Ce  (Nd  and  Pr  being  teh  remainder)  for  the  misch 
metal  to  decrease  the  equilibrium  pressure,  improve  the 
chargeability,  and  enhance  the  cycle  life  with  no  Ul-effects 
(m  the  kinetics.  The  MH  alloy  electrodes  facilitate 
electrochemical  reduction  or  evolution  of  oxygen  which 
may  be  exploited  in  the  fields  of  metal-air  cells  and  fuel 
cells. 
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Table  -1:  Composition  of  Rhone  -  Poulenc  AB,  MH  ADoys 


1  COMPOSmON  (mol  %)  I 

ALLOY* 

La 

Ce 

Nd 

Pr 

Ni 

Co 

Mn 

Al 

5978 

1 

0 

0 

0 

4.96 

0 

0 

0 

6025 

0.3 

0.51 

0.07 

0.13 

3.56 

0.76 

0.4 

0.3 

6026 

0.25 

0J5 

0.07 

0.13 

3.68 

0.75 

0.4 

0.34 

6039 

0.64 

0.25 

0.04 

0.08 

3J51 

0.77 

0.4 

0.31 

6077 

0.49 

0.2 

0.09 

0.22 

3.05 

1.5 

0 

0.53 
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Fig.  1  :  Discharge  curves  of  1)  5978,  2)  6025,  3)6026, 4)  6039, 
5)  6077  and  6)  IBA  5  MH  alloy  disc  electrodes  in  flooded  glass 
cell. 


Fig.  4  :  Tafel  polarization  curves  of  1)  5978,  2)  6025,  3)  6026 
and  4)  6039  MH  alloys. 
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Fig.  2  ;  Electrochemicai  isotherms  of  1)  6077,  2)  6039  and  3)  Fig.  5  :  Cycle  life  curves  of  1)  5978, 2)  6039, 3)  IBA  5, 4)  6077, 

6026  MH  alloys  during  hydrogen  absorption  (reduction).  5)  6026  and  6)  6025  MH  alloys  in  -250  mAh,  negative-iimited 

ceils  @  C/S  charge  and  discharge. 


MHAUOr 

Fig.  3  :  Polarization  resistances  of  MH  aDoys  estimated  fh>m 
DC  mkropoiarization  experiments. 


Fig.  6  :  Hiustration  of  the  dependence  of  capacity  retention 
during  chargenlischarge  qrcling,  on  the  misch  metai 
composition. 
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Calorimetric  Evaluation  of  Commercial  Ni/MH  Cells 


EricC. Darcy 

NASA  Johnson  Space  Centra,  Houston,  TX 
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Devdopment  and  integration  of  large  cspadty  nidcd/tnetal  l^dride 
(Ni-MH)  cells  for  manned  spaceoaft  qipUcations  requires  accurraely 
charactraizing  cell  dwnnal  bdiavior,  identifying  bow  it  remands  to 
various  diaige  control  schemes,  and  understanding  the  phenomena 
which  alters  it.  The  on-going  effort  includes  a  cdorimetric  evduation 
of  various  commercial  cells  widi  a  comparison  of  several  commercial 
charge  control  circuits  with  difiSeient  duuge  terminatkKi  techniques. 
The  end  objectives  ate  to  determine  which  cell  designs  are  most 
suitable  for  scale-iq>  and  to  guide  the  design  of  future  Space  Shutde 
and  Space  StatitHi  based  bae^  chargers.  This  prpra  discusses  the 
plan  of  the  study  and  its  recent  findings.  Thrae  fimUngs  come  fiom  a 
conqiarison  of  two  Ni-MH  cell  types  with  a  standard  Ni-Cd  cell 
while  contrcdled  by  a  constant  current  charger. 

The  on-going  effort  is  studyirig  the  electrical  and  thermal 
performatKe  of  cells  with  die  AB^  (Ovonic,  Harding,  and  Gold 
Peak)  and  with  the  AB,  (Sanyo,  To^ba,  arid  Furukawa)  metal 
hydride  formulations,  fo  diis  prpra,  Sanyo's  4/3  A  cell  (2.3  Ah)  is 
conqiared  to  Ovonic's  C-cell  (3.25  Ah).  Therefore,  AB^  refers  to  an 
alloy  system  based  on  V-Ti-2ir-Ni-Cr  ‘ ,  while  AB,  refers  to  a 
system  consisting  of  rare  earth  hydrogen  absorbing  alloys  denoted  as 
MmNi,  with  inclnsion  of  Ta,  Zr,  W  and  Mo 

The  on-going  esperimentation  is  evaluruing  the  effectiveness  of 
various  commercial  charging  contnd  circuits.  We  have  focused  on 
chargers  from  Benchmarq  Electronics,  Integrated  Circuit  Systems, 
foe.,  and  Maxim  fotegrated  Products  because  of  their  range  of 
operating  features  and  differem  termination  sdiemes. 

The  Benchmarq  bq23(X)  duugra  requires  a  constant  vduige  supply  to 
charge  at  constam  cutrenL  It  uses  two  main  charge  termination 
algorithms.  One  based  on  a  certain  rise  in  battery  temperature  (AT/dt) 
arid  the  other  on  a  negative  battery  voltage  slope  (-dV/9t).  The  AT/At 
algorithm  evaluates  a  rise  in  temperature  using  a  thermistor  voltage 
measurement  every  34  seconds  and  is  based  on  a  rise  calculation 
made  every  68  seconds.  The  -fNldt  algorithm  eperates  at  the  same 
fiequency  and  ends  charge  when  the  battery  voltage  divided  by  the 
number  of  cells  in  the  b^ty  is  lower  than  the  previously  measured 
value  by  12  mV.  As  a  badc-vp,  the  diarger  will  also  terminate  when 
detecting  a  dueshold  vtdtage,  temperature,  or  time. 

The  fotegrated  Circuits  Systems  (ICS)  1702  charger  can  accept  a 
constant  voltage  or  current  sipply  to  control  charge  using  a  reverse 
pulse  charge  sequence.  Rgure  1  ahows  a  typical  charge  waveform 
with  a  1.076  second  period  consisting  of  1.047  second  constant 
current  diarge  pulse,  a4  ms  rest,  a  5  ms  discharge  pulse  typically  set 
to  -Z3  times  die  levd  of  die  dutge  current,  and  a  20  ms  rest  during 
which  the  chargra  makes  its  vdtage  measurements.  This  Trurp" 
diarge  technique  is  supposed  to  prevent  the  accumulation  of  ^ 
bttbUes  on  the  cell  eledrode  {dates.  The  method  has  been  shown 
effective  widi  Ni-Cd  cells The  ICS  charger  uses  seven  charge 
termination  schemes,  includ^  a  voltage  i^ecdon  (dV/dt),  neg^e 
voltage  slo|)e  (-dV^),  maximum  vohi^,  temperature  slope  (dT/9t), 
maximum  tenperature,  and  two  charge  rimers. 

The  Maxim  712  diarger  requires  a  constant  vtdtage  siq>{dy  to  charge 
at  a  constant  current  Its  termination  methods  inefode  zero  voltage 
slofie  (dV/9t  =  0),  maximum  temperature,  and  a  rimer. 
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Four  cell  batteries  were  cycled  by  a  cxmyuter  controlled  automated 
system  designed  in-house.  A  Maemtosh  Bex  uses  LabVlEW 
software  to  send  commands  to  two  Fluke  Data  Acquisition  Units  and 
a  KepcoPtogramnyr.  The  Fluke  units  in  turn  send  a  bit  pattern  to  a 
relay  contrtdlra  which  switchs  the  batteries  fiom  states  (rf  charge, 
disdiarge,  and  rest  The  programmer  controls  die  mode  and  levd  of 
the  ouput  of  die  Kpeo  bpolar  power  sipidies,  BC^  20-10M.  For 
exanqde,  during  charge  a  constant  voltage  of  11  volts  is  sipplied  to 
the  Bendunarq  diarger  by  the  power  sipply  and  during  disdiarge 
diis  sipply  is  used  as  a  si^  to  disdiarge  the  battraies.  Tridde  diarge 
is  typic^y  contndled  by  the  charger  once  charge  has  terminated,  but 
our  system  aUows  the  user  to  coimtd  trickle  I9  usitig  die  power 
su{>|d^  direedy. 

The  calorimetric  evahiarion  is  performed  with  one  cell  fiom  a  battery 
residing  in  a  measutemem  chrmobra  of  heat  conduction  caloiimetra 
manufactured  by  Hart  Scientific,  foe. 

This  calorimetra  uses  a  twin  cell  piKoach  to  measuring  heat  which 
cancels  out  external  heat  effects. 

To  date,  a  cycling  conparison  at  a  C  rate  ftir  diarge  and  discharge 
widi  Sanyo  and  Ovtniic  Ni-MH  cells  and  the  Sanyo  Ni-Cd  C-c«^ 
model  #^-2000C^  has  been  completed  with  the  Benchmarq 
charger.  The  tests  were  done  at  room  temperature  with  cells  whidi 
had  been  cycled  less  than  a  hundred  times. 

Results  and  Fiadings 

Typical  single  cycle  {xofiles  of  cell  voltage,  currem,  and  cell  heat  rate 
ate  shown  in  Figures  2-4  for  each  of  the  duee  cells.  Note  diat  the 
"Harding  C-cell”  reference  in  the  figures  is  interchangeable  with 
Ovonic  when  referring  to  the  C-cell  since  Harding  is  not  its 
manufacturer  only  its  distributor.  Harding  manufactures  only  the 
smaller  size  cells  with  the  Harding  label.  The  Benchmarq  charger 
ppears  to  terminate  charge  due  to  a  rise  in  tempeiaturer^bodihB- 
cells  prior  to -dV/dt  tppearing.  This  limited  the  charge  itput  at 
the  C  rate  to  no  mote  than  one  hour.  The  cdl  heat  {Kofiles  show  a 
veo' pronounced  pike  just  before  charge  termination.  The  Ovonic 
cell  heated  up  earlkr  in  duuge  dum  the  Sanyo  cdl.  In  comparison, 
the  Ni-Cd  c^  stiyedrdatively  cool  until  ato  100%  charge  irput  (vs 
nameplate  opacity).  This  allowed  the  Benchmarq  charger  to  detect 
the  n^ative  volta^  skpe  to  terminate  charge. 

Overall,  the  Ni-MH  cells  generated  significandy  mrae  heat  on  charge 
then  Ni-Cd  cells  due  to  the  exodiemiic  nature  of  loading  the  hydtufe 
with  hydrogen.  Conversely,  Ni-MH  disdurges  are  mui^  cooler 
because  of  the  endothermic  nature  of  the  hydride  releasing  hydrogen. 

Table  1  conpares  the  electrical  and  diermal  performance  of  each  celL 
Electrical  criteria  include  percentage  of  discharge  ouput  base  on 
namplate  opacity.  Ah  and  Wh  charge-to-discharge  (C/D)  ratios,  and 
speci&ener^.  The  diennal  criteria  indude  Wh,  C/D  ratio  and 
charge  and  disdiarge  effidraides.  Efficiencies  are  a  measure  of  how 
much  energy  is  disspated  as  heat  per  electrical  irput  or  ouput  and 
are  defined  as  (Wh  -  Wh,  )/Wh. 

The  coo|riing  wirii  the  Benchmarq  charger  yielded  die  most  discharge 
opacity  with  die  Ni-Cd  cells  nd  die  lowest  Ah  QD  ratio  with  the 
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Sanyo  odl.  The  vahie  of  tbme  two  crileiu  are  given  as  avenges  over 
S  to  10  cydes  i^iile  the  odwre  ne  based  on  one  representative  cyde. 
The  Sanyo  cell  Cured  better  than  te  Ovonk  ceU  in  aU  categories.  The 
electrical  performance  of  the  Sanyo  Ni-MH  cdl  is  very  siimlar  to  the 
Ni-Cd  cesu  except  that  it  yield^  a  qrecific  energy  46%  higher.  The 
charge  and  discharge  efBckncies  are  nearly  identical  but  reversed 
between  the  two. 


Table  1.  Comparison  ofeiectiical  and  thermal  petformance  of  cells 
cycled  widra  Bencfamarq  Bectronics  bq2003  charger  at  C  rate  and  at 


room  temperature. 

OvnnirrABj^ 

Dischaige  78 
ouQ>ut(%) 

AhCVDiatio  1.23 
WhCTDratio  1.83 
WIv  C/D  ratio  2.68 
Charge  eff  0.63 
Dischiugeeff  0.7S 
Specific  oiergy  33.2 
(Wh/kg) 


Sanyo  (AB^l 

Ni-Cd 

87 

107 

1.08 

1.15 

1.38 

1.35 

2.10 

0.96 

0.77 

0.85 

0.8S 

0.78 

48.0 

32.8 

Future  Work 

Calorimetric  analysis  has  drown  to  be  an  effective  tool  to  evaluate 
cdl  and  charger  performance.  The  Benchmarq  is  trot  as  effective  with 
Ni-hffl  cells  as  with  Ni-Cd  cells.  It  does  not  ^ow  for  any 
overcharge  input  iitto  die  Ni-MH  cells  and  thus,  subsequent 
dischatgecapaK3tiesarelesstfaanoptimum.Cotttinuationofdtison- 
gdng  efifort  will  provide  similar  cottqMiiaoos  of  these  and  other  cells 
using  the  other  ehargeramentioned  at  varying  rates  and  temperatures. 
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Abstract 

Sitver-metal  hydride  is  a  new  battery  system  under  development  for 
aerospace  and  possbie  commercial  applications.  The  chemistry  is 
based  on  extensive  experience  with  the  silver-zinc,  nickd-hydrt^en 
and  nickel-metal  hydride  battery  systems.  Silver-metal  hydride 
combuies  the  high  energy  density  of  the  tilver  electrode  (compared 
to  the  nickel  electrode)  with  the  longer  cycle  life  of  the  hydride 
electrode  (compared  to  the  zinc  dectrode).  Silver-metal  hydride 
batteries  offer  hermetically  sealed,  maintenance-free  operation  with 
improved  cycle  life  over  fee  silver-zinc  system.  Development  work 
is  being  done  at  the  materials,  elective  and  M  cell  levels. 
Prototype  silver-metal  hydride  cells  have  been  constructed  and  are 
being  characterized  by  electrical  testing,  cycle  life  testing  and  by 
electrochemical  impedance  spectroscopy  analysis.  Improved 
separator  systems  are  being  developed  in  order  to  mitigate  silver 
migration  and  improve  performance  and  cycle  life. 

Introduction 

Some  previous  work  has  beat  done  on  the  sUver-metal  hydride 
(AgMH)  system  by  Eagle-Picher*^  and  in  conjunction  with  Florida 
Atlantic  University.  The  precursor  to  AgMH  batteries,  silver-zinc 
(AgZn)  systems,  have  been  used  extensively  in  military  and 
aerospace  applications  as  both  a  primary  and  secondary  battery 
system*.  Eagle-Kcher  Industries  (EPI)  has  manufactured  thousands 
of  primary  and  secondary,  manually  activated  and  reserve  AgZn 
batteries  in  many  differem  designs  and  configurations  for  a  wide 
variety  of  military  and  aerospace  applications.  These  include  the 
Mercury,  Gemini  and  Apollo  manned  spacecraft,  the  Lunar  Rover, 
Skylab  and  many  assorted  missile  and  weapons  systems  such  as  the 
Patriot  and  Tomahawk  Cruise  nussile.  EPI  AgZn  batteries  have  also 
powered  many  solar  and  electric  race  velucles  in  events  such  as  the 
GM  Sunrayce,  the  Solar/Electric  300  and  the  World  Solar 
Challenge  in  Australia.  EPI  has  extensive  experience  and 
manufacturing  capability  in  the  production  of  silver  electrodes  and 
silver-based  batteries. 

Currently,  the  nickel-metal  hydride  (NiMH)  battery  system  is  in  full 
development  and  initial  commercial  production.  Sigiuficant 
advances  over  the  past  fisw  years  in  reversible  %drogen  absorbing 
electrode  materials  have  made  hydride-based  batteries  both  possible 
and  practical.  The  major  limitation  of  the  NiMH  battery  is  the 
nickel  electrode.  One  possible  solution  to  significarrtly  increase  the 
energy  density  of  the  battery  is  to  replace  the  nickd  electrode  with 
a  higher  energy  density  electrode  such  as  silver.  The  silver  electrode 
has  several  advantages  over  other  electrodes  including  the  superior 
conductivity  of  the  aWer  material.  As  the  silver  electrode  is 
discharging,  silver-oxide  is  bmng  reduced  to  silver  metal,  which 
decreases  the  impedance  of  the  electrode.  Tlus  continuous  decrease 
of  electrode  impedaiKe  during  discharge  counteracts  polarization 
effects,  resulting  in  a  flat,  uniform  discharge  voltage  profile.  Hus 


effect  gives  the  electrode  excellem  discharge  rate  capalxlity  as  well. 
A^4H  provides  an  intermediate  hybrid  system  betvraen  NiMH  and 
AgZn.  The  disadvantages  of  the  AgZit  syston  indude  limited  cyde 
life,  limited  wet  life  and  an  ill-defined  end-of-life  fiulure.  These 
limitations  are  primarily  due  to  zinc  migration  or  "shape  change’ 
that  occurs  in  the  zinc  dectrode.  Replacing  the  zinc  dectrode  with 
the  more  stable  hydride  electrode  should  rignificantly  increase 
battery  life  and  performance. 

Extensive  development  work  is  underway  to  characterize  aixl 
optimize  the  Agl^  battery  systent  Work  is  being  done  at  the 
materials,  electrode  and  full  cell  levds.  Hydride  dectrode  alloy 
formulation  is  a  critical  aspect  of  metal  hydride  battery  performance 
and  cycle  life.  Hydride  electrode  materials  must  be  formulated  and 
optimized  specifically  for  the  silver  battery  system.  Silver  electrodes 
have  many  advantages  over  nickel  electrics.  While  the  initial  cost 
of  silver  metal  is  higher  than  nickel  metal,  this  is  offset  by  the  ease 
of  manufacture  of  the  silver  electrode  as  con^iared  to  the  multi-step 
processing  required  by  nickd  dectrode  manufacturing.  Also,  the 
silver  electrode  doesn’t  require  dectrochemically  iiumtive  additives, 
such  as  nickel  powder,  to  support  the  active  material  or  increase 
electrode  conductivity.  This  results  in  superior  energy  density  and 
efticiencv  of  the  silver  electrode. 

Flooded  dectrode  testing  is  being  used  in  preliminary  performance 
and  cycle  life  evaluations.  Electrochenucal  impedance  spectroscopy 
is  being  used  to  evaluate  and  characterize  dectrodes  and  c^ 
materials.  Improved  separator  systems  are  beiiig  devdoped  in  order 
to  reduce  diver  nugration  and  improve  perftrrmance  arid  cycle  life. 
Bade  qrstem  characteristics  such  as  voltage  output,  gravimetric 
energy  densi^,  volumetric  energy  density,  rate  capability  and 
diarge  retention  are  bang  detemuned.  Tte  AgMH  battery  has 
enormous  potential  as  a  rechargeable  battery  system  and  further 
development  is  plaruied. 


The  diver  electrode  undergoes  two  (fistinct  oxidation/reduction 
reactions  during  char^g  and  discharging  of  the  battery.  These 
reactions  are: 

2Ag0  +  H20  +  2e- =  AgiO  +  ZOH-  [1] 

Agj0  +  H20  +  2e-  =  2Ag  +  20H-  [2] 

Both  reactions  are  reverdble  and  are  written  as  reductions,  which 
corresponds  to  discharpng  the  electrode.  Equation  [1]  represems 
the  reduction  of  diver  from  the  +2  oxidation  state  to  the  +1 
oxidation  state.  Tlus  reaction  occurs  at  a  potential  of  0.607  volts 
versus  the  standard  l^rogen  electrode.  The  second  reaction  [2] 
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occurs  at  a  voltage  of  0.342  voha.  coneipoiiding  to  the  reductioa 
of  silver  -»-l  to  silver  metal.  Equations  [I]  and  [2]  can  be  condoned 
into  an  overall  reaction  for  the  silver  electrode: 

Ag0  +  H20  +  2e- -  Ag  +  20H-  [3] 

The  chemistry  of  the  hydride  dectrode  has  been  prevkxisiy 
discussed^.  It  can  be  considered  as  the  alkaline  hydrolysis  of  water 
followed  by  the  formation  of  a  metallic  hydride  or  as  the 
electrochemical  formation  of  the  metaltic  hydride  in  the  solid  phase 
directly  from  the  aqueous  electrolyte.  R^ardless  of  mechanistic 
considerations,  the  overall  reaction  at  the  hydride  electrode  can  be 
represented  by  Equation  [4]: 

MH,^„  +  +  e*  -  MH,  +  OH*  [4] 

where  M  represems  a  material  capable  of  reversibly  formirig  a 
metallic  hydride  and  the  lower  case  letter  "x”  is  an  integer  (x= 
1,2,3...)  and  represents  some  hydride  state  of  the  metal.  The 
reaction  is  reversible  but  is  conventionally  written  as  a  reduction. 
Combining  reactions  [3]  and  [4]  yields  the  overall  silver-metal 
hydride  ceil  reaction  that  resulu  ^m  combining  the  silver  and 
hydride  electrodes  into  a  secondary  alkalirw  battery.  This  is 
represented  by  Equation  [S]: 

AgO  +  2MHx  -  Ag  +  2MH(x.l)  +  H20  [5] 

Reaction  [S]  represents  the  overall  cell  discharge  reaction  as 
written.  The  charge  reaction  is  the  reverse.  The  relative  effects  of 
the  two  major  electrode  reactions  (Equations  [2]  and  [3])  can 
sometimes  be  observed  in  the  silver  battery  as  a  dual  plateau  in  the 
charge  and  discharge  voltage  profile. 

Silvcf*Metal  Hydride  Cell  ChuTicfftp^tion 


Figure  1  shows  the  charge  voltage  profile  for  an  experimental 
AgMH  cell  (silver  versus  a  Hg/HgO  rrference  electrode).  The  cell 
uses  standard  production,  sintered  silver  dectrodes  and  an  AB5 
type  hydride  electrode.  Standard  AgZn  type  separator  materials 
were  used,  including  a  cellulosic  silver  migration  barrier.  The  cell 
was  activated  with  31%  aqueous  potassium  hydroxide  (KOH).  The 
cell  was  charged  at  a  constant  currem  0.07  C  rate  at  room 
temperature.  The  two-step  reaction  is  clearly  visible  in  the  charge 
voltage  versus  tirtK  curve.  The  first  plateau  occurs  at  a  voltage  of 
about  0.2s  volts  and  corresponds  to  the  oxidation  of  silver  metal  to 
the  monovalent  silver  ion.  The  second  plateau  occun  at  about  0.S8 
volts  and  corresponds  to  the  further  oxidation  of  silver  to  the  +2 
oxidation  state.  The  voltage  increases  to  about  0.70  volts  as  the  cell 
is  overcharged.  The  cell  was  subsequently  discharged  at  the  0.33  C 
rate. 

In  Figure  2,  the  two-step  reduction  process  is  visible  in  the 
discharge  voltage  profile.  The  first  plateau  occurs  at  about  0.48 
volts  and  the  second  at  about  0.20  volts.  Most  of  the  cell  capacity  is 
obtained  at  the  lower  voltege.  These  voltages  are  the  potential  of 
the  silver  electrode  measured  relative  to  the  Hg/HgO  reference 
electrode.  The  observed  foil  cell  potential  nuy  vary  somewhat 
depending  upon  the  electrode  spacing  and  the  separator  used. 

Impedance  measurements  were  conducted  on  AgMH  cells  as  a 
function  of  sute-of-charge  (SOC),  cycle  number  and  potassium- 
hydroxide  (KOH)  concentration  (31,  38  and  45  %).  Measurements 
were  made  on  both  full  and  half  c^  (using  a  Hg/I^  reference 
electrode).  Impedance  measurements  were  made  at  25  cycle 
intervals  at  foil  charge,  50%  depth-of-discharge  (DOD)  and  full 
discharge  (500mV  total  cell  volta^).  Cycling  was  performed  at  the 
0.6  C  rate  to  50%  DOD  with  a  4  to  5%  overcharge  each  cyde. 


In  general,  the  ohmic  resistance  of  the  AgMH  cells  increased  with 
cycling.  The  increase  in  ohmic  resistance  may  be  attributed  to  the 
electrolyte  concentration  changes  (decrease  in  activity),  drying  out 
of  the  separator  material  and  decreased  conductivity  of  tlM  silver 
migration  barrier.  At  full  charge  (0%  DOD),  the  impedance  dau 
indicates  that  the  total  cell  impedance  was  very  similar  in  behavior 
and  magnitude  to  the  impedance  obtained  for  the  individual  silver 
electrode.  These  data  demonstrate  that  the  overall  impedance  of  the 
battery  is  dominated  by  the  silver  electrode. 

Impedance  data,  represented  as  a  complex  plane  plot,  for  the  full 
AgMH  cell  in  31  %  KOH  at  0%  DOD  is  shown  in  Figure  3  for 
various  cycles.  The  data  shows  that  cell  impedance  was  lowest  at  3 
cycles,  increased  after  50  cycles  and  then  gradually  decreased  with 
additional  cycling.  This  bdiavior  could  be  explun^  by  the  longer 
period  of  time  required  to  folly  corxlition  or  convert  the  silver  into 
silver-oxides,  thus  utilizing  most  of  the  active  material.  The  data  at 
3  cycles  was  dominated  primarily  by  alver  metal  not  folly  converted 
to  its  ojodes  thus  yidtfing  the  observed  lower  impedaiKe.  On 
further  cycling,  a  greater  mqority  of  the  silver  active  material  was 
converted  to  oxides,  which  have  greater  resistivity.  Additional 
cycling  to  100,  150  and  firudly  to  200  cycles  resulted  in  a  decrease 
in  the  active  material  surface  area,  trapping  of  oxygen  and  pore 
filling,  thus  limiting  the  access  of  electrolyte  to  the  active  material. 
Again,  a  fiaction  of  the  active  material  bom  the  fully  discharged 
silver  electrode  may  not  have  converted  entirdy  to  the  oxides  thus 
causing  a  decrease  in  the  total  cell  impedance. 
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Figures.  Silver-metal  hydride  impedance  data 

At  100%  DOD,  both  the  silver  and  metal  hydride  electrode 
impedance  magnitudes  were  similar  and  contribute  almost  equally 
to  the  total  cell  impedance.  The  data  for  the  M  cell  at  100%  DOD 
in  31%  KOH  for  various  cycles  are  shown  in  Figure  4  as  a  complex 
plane  impedance  plot.  Iii  general,  the  impedance  of  the  cell 
increased  with  increasing  cycles.  Similar  impedance  behaviors  have 
been  presented  by  Kaiser’  due  to  electrode  pore  filling  and  surfiice 
smoothing.  A  similar  process  may  be  occurring  on  the  silver 
electrode  surface  in  which  an  increasing  amount  of  poorly 
conductive  silver  oxides  are  left  unconverted  to  silver  upon  cycling. 
Additiorul  contributions  to  the  increased  cell  impedance  can  result 
from  the  metal  hydride  electrode  which  pulverizes  and  loses  active 
material;  material  normally  aviulable  for  l^drogen  storage. 


SiWer-Metal  Hydride  Performance  Summary 

A  sealed  aerospace  AgMH  cell  was  tested  at  a  variety  of  diarge 
and  discharge  rates  in  order  to  fully  characterize  the  cell.  The  cell 
was  built  in  a  standard  prismatic  configuration  in  a  stainless  steel 
container.  The  cell  was  designed  to  be  silver  limited  with  a  slight 
excess  of  hydride  electrode  capacity.  The  cdl  was  operated 
hermetically  sealed  with  a  pressure  gauge  attached  to  the  fill  tube. 
The  cell  was  vacuum  activated  with  aerospace  grade  3S%  aqueous 
KOR  A  dual-layer  separator  system  was  used.  Figure  S  shows  the 
cell  constant  current  charge  voltage  versus  the  %  theoretical 
capacity  for  a  variety  of  duuge  rates,  raiigirig  fi-om  0.07S  C  to  2.0 
C.  The  %  theoretical  capacity  was  calculated  by  multiplying  the 
charge  time  by  the  chiuge  current  and  dividing  by  the  cdl 
theoretical  discharge  capacity  (based  on  the  wdght  of  silver 
electrode  active  material  in  the  cell)  multiplied  by  100%.  This  is  a 
convenient  method  of  comparing  voltage  data  obtained  at  different 
rates  on  the  same  x-axis  scale.  The  cell  was  fully  discharged  at  the 
C/2  rate  after  each  charge. 


%'niEO  CAPACITY 


Figure  S.  AgMH  cdl  voltage  at  dififerent  charge  rates 

There  is  the  usual  impedance  effect  of  increased  charge  voltage  at 
higher  charge  rates.  This  amounts  to  a  plateau  voltage  difference  of 
about  75  millivolts  over  the  total  range  of  charging  current  used. 
The  transition  points  between  voltage  plateaus  changes 
considerably  at  different  charge  rates.  For  example,  the  transition 
fi^om  the  initial  charge  plateau  to  the  second  plateau  occurs  at  about 
50%  SOC  at  the  lowest  charge  rate  (0.075  C).  This  transition  poim 
dwreases  to  about  25%  SOC  at  the  highest  charge  rate  (2.0  C). 
Similarly,  the  transition  fix>m  the  second  charge  plateau  into 
overcharge  occurs  at  120%  SOC  at  a  charge  rate  of  0.075  C  and 
occurs  at  about  95%  SOC  at  the  2.0  C  rate.  The  cdl  voltage  in 
overcharge  also  shows  a  laiger  voltage  increase  than  the  lower 
plateaus.  Cell  overcharge  voltage  is  about  1.55  volts  at  the  0.075  C 
rate  and  increases  to  about  1 .8  volts  at  the  2.0  C  rate. 


Figure  4.  Silver-metd  hydride  impedance  vs.  cycling 
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Figure  6  shows  the  constant  current  discharge  voltage  versus  % 
theoretical  capacity  for  the  same  cdl  at  a  variety  of  (fischatge  rates. 
The  charge  prior  to  each  discharge  was  done  at  the  0.10  C  rate  to 
eliminate  any  effects  of  charging  at  difiereitt  rates.  The  ceil  was 
discharged  at  rates  ran^ng  from  0.2S  C  up  to  10.0  C,  based  on  the 
cell  theoretical  capacity.  The  cdl  vns  operated  hermetically  sealed 
throughout  this  testing.  The  ceil  delivered  more  than  120%  of  the 
calculated  theoretical  capadty  at  low  rates.  Cell  discharge  c^racity 
was  still  well  above  theoretical  up  to  the  S.O  C  rate  but  drop^  to 
90%  of  theoretical  at  the  10.0  C  rate.  Some  residual  upper  voltage 
plateau  is  observed  at  the  lower  rates,  but  this  con^letdy 
disappears  above  the  3.0  C  rate.  A  single  discharge  voltage  plateau 
is  normally  observed  in  sealed  AgMH  cells.  At  normal  discharge 
rates  (around  C/2)  this  corresponds  to  a  discharge  plateau  sUghtly 
above  1.0  volt. 


A  large  impedance  effect  is  observed  in  the  discharge  voltages  in 
Figure  6.  TTie  discharge  plateau  occurs  at  a  cell  voltage  of  1.10 
volts  at  the  0.75  C  rate  and  decreases  to  0.80  volts  at  the  10.0  C 
rate.  This  is  a  difference  of  300  millivolts.  This  is  at  least  partially 
due  to  the  high  ohmic  impedance  imposed  by  the  use  of  a  cellulosic 
silver  migration  barrier.  In  these  early  prototype  AgMH  cells, 
excessive  layers  of  separator  and  migration  barriers  were  used. 
Based  on  subsequent  experience  and  cell  performance,  the 
separator  layers  have  been  reduced,  with  a  correspondiiig  increase 
in  performance.  Separator  system  optimization  remains  to  be  one  of 
the  primary  areas  of  continuing  R&D. 

Figure  7  shows  the  discharge  rate  relationship  graphically.  Cell  mid¬ 
point  discharge  voltage  (MPDV)  is  plotted  as  a  function  of  the 
constant  current  discharge  rate  (exprmsed  as  a  multiple  of  the  cdl 
capadty  “CT).  The  discharge  capacity  is  also  plotted  as  a  fimction 
of  the  discha^  rate.  Cell  capacity  is  expressed  as  a  fraction  of  the 
ceD  theoretical  capacity.  The  data  shows  that  both  the  MPDV  and 
the  cdl  capadty  are  linear  as  a  function  of  discharge  rate,  over  the 
range  of  dscharge  rates  investigated.  These  discharge  rates  range 
from  0.25  C  up  to  10.0  C,  which  covers  the  range  likely  to  be 
encountered  in  normal  cdl  operation.  The  MPDV  line  has  a  slope 
of  -0.030  with  a  cortdation  coeffident  of  -0.998,  which  indicates  a 
good  fit  of  the  datt  to  a  strai^  line.  The  fraction  of  theoretical 
capacity  data  indicates  the  cdl  disdiarge  capadty,  expressed  as  a 
fraction  of  theoretical,  obtained  at  that  discharge  rate.  These  values 
range  from  1.22  theoretical  at  the  0.25  C  rate  down  to  0.85 
theoretical  at  the  10.0  C  rate.  The  fine  has  a  n^ative  slope  of  - 
0.369  and  a  correlation  coeffident  of  -0.993.  The  cdl  ddivered 
better  than  nameplate  cqradty  up  to  the  5.0  C  rate. 


Figure  7.  Discharge  voltage  and  cdl  capadty  versus  rate 
Conchisiona 

Testing  of  prismatic  aerospace  silver  metal  hydride  cells  is  still 
underway.  The  results  to  date  are  very  promising.  It  is  antidpated 
that  the  metal  hydride  chemistry  will  fimction  well  in  aeroqmce 
applications,  including  the  more  demanding  low-earth-orbit 
missions.  The  ^stem  is  ideal  for  the  new  generation  of  small 
satdiites  being  devdoped  for  communications,  surveillance  and 
tactical  satellite  programs.  Potential  military  applications  include 
tactical  dectric  vehides,  swimmer  ddivery  vdiicles,  underwater 
power  systems,  communications  equipment,  GPS  receivers,  the 

SOLDIER  combat  system,  battle  fidd  computers  and  any  man- 
portable  battery  operated  equipmem.  The  ^em  may  also  be  useful 
in  prenuum  commercial  applications  such  as  cdhilar  tdephones, 
laptop  computers  and  palmtop  conqxiters,  where  the  increased 
energy  density,  and  corre^ndingly  longer  run  time,  offsets  the 
higher  initial  cost  and  rdativdy  shorter  cyde  life  of  silver-based 
batteries.  The  system  promises  excellent  performance  and  cycle  life 
at  a  reasonable  cost,  as  compared  to  other  aerospace  systems. 
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htroductioii 

The  rechargeable  nickel-metal  hydride  (Ni-MH)  battery 
system  is  quickly  gaining  acceptance  as  a  practical  solution  to  a  vast 
array  of  battery  exigencies.  It's  high  energy  density  (E.D.),  high 
power  density,  tong  cycle  life,  and  abuse  tolerance  are  attractive 
performance  attributes  that  conqrlement  its  safe  and  environmentally 
benign  character  [1,2].  Voltage  compatibility  (1.2  V)  allows  for 
drop-in  replacement  of  the  installed  base  of  Ni-Cd. 

Electro  Energy,  Inc.,  is  developing  [3-8]  a  bipolar  version  of 
Ni-MH  that  empowers  the  Ni-MH  system  with  higher  E.O.s  and  rate 
capabilities.  It  is  antic^ated  that  the  high  syrmnetry  and  sinqrlicity 
of  the  bipolar  geometry  will  ease  febrication  and  lower  production 
costs  significantly.  It  is  expected  that  this  improved  performance  at 
lower  cost  in  an  ecologically  sound  battery  will  have  a  profound 
effect  in  the  market  place  for  both  small  and  large  batteries. 

EEfs  hmovative  technology  consists  of  two  electrodes  with  a 
separator/insulator  sealed  in  a  conductive  polymer  unit  wafer  cell 
Typically,  bipolar  cells  consist  of  a  bipolar  conductive  plate  centered 
between  anode  and  cathode.  This  strict  definition  follows  when 
individual  wafer  cells  are  stacked  to  form  a  bilayered  bipolar  plate. 

Conventional  Ni-MH  cylindrical  cells,  based  primarily  on  ABj-type 

metal  hydride  alloys,  have  served  commercial  applications  [9]  such 
as  3Cs  devices  (cellular  phones,  notebook  computers,  and 
camcorders)  since  1991.  Use  of  round  cells  in  prismatic  battery 
cases  wastes  more  than  27%  of  available  packing  volume.  Sony  and 
Panasonic  have  responded  to  this  mismatch  and  both  have 
introduced  low-profile  prismatic  cells  for  domestic  use. 
Nevertheless,  the  volume  taken  up  by  collector  grids,  leads,  tabs, 
cell  cases,  and  terminals  renders  such  an  approach  less  than  optimal 
in  comparison  to  a  bipolar  geometry.  The  transverse  flow  of  current 
across  the  plane  of  the  electrode  in  the  bipolar  geometry  enhances 
high  rate  performance  by  precluding  cunent  flow  bottlenecks 
intrinsic  to  conventional  designs 

The  fiiture  will  undoubtedly  witness  the  use  of  Ni-MH  in 
industrial  applications,  hybrid  vdiicles  and  EVs  However, 
prosecution  of  the  large-capacity  battery  marketplace  will  be 
financially  driven.  At  present,  conventional  Ni-MH  spirally  wound 
cylindrical  cefls  cost  approximately  $1500/kWh.  It  is  estimated  [4] 
that  large  prismatic  Ni-MH  batteries  of  conventional  geometry 
cannot  be  commercially  produced  for  less  than  S300/kWh,  rendering 
them  uncompetitive  with  lower  performance  tedmologies,  even  Pb- 
acid.  However,  a  cost  reduction  of  $100/kWh  would  significantly 
enhance  the  marketability  of  the  attractive  Ni-MH  diemistry.  EEI 
believes  that  this  reduction  can  be  achieved  through  the  combined 
use  of  plastic-bonded  nickel  electrodes  with  its  proprietary  bipolar 
battery  concept  [8]. 

EitpmBiaml 

The  technical  challenges  to  develop  a  bipolar  configuration 
in  the  Ni-MH  system  are  formidable.  Materials  of  construction  are 
critical  Specifically,  finir  areas  are  paramount.  The  bqrolar  plate 
nmst  be  electrically  conductive,  sealable,  chemically  stable  in  caustic. 


and  provide  adequate  interfiice  contact.  Hydride  alloys  mii«t  be 
designed  that  minhniye  overpressure  mi  charge.  Finaliy,  oxygen 
must  recombine  at  modest  pressures. 

Electro  Energy,  Inc.,  is  developing  a  sealed  bipolar  Ni-MH 
battery  that  addresses  these  problems.  The  unit  bipolar  cell  is  shown 
schematically  in  Fig.  1.  It  employs  a  proprietary  0.004"  conductive 
polymer  film  (0.26  H-cm)  that  can  be  heat  sealed  about  anode, 
separator/insulator,  and  cathode.  Both  inorganic  and  organic 
separators  are  being  evaluated.  The  positive  and  negative  electrodes 
are  of  dimasion  3“  x  3"  in  the  experimental  cells  constructed  for  the 
development  activities.  Measures  have  been  taken  to  minimize 
contact  resistance  and  provide  an  effective  conduction  path  across 
interfiices.  Electrolyte  is  a  conventional  30%  KOH  sohitkm. 


Fig.  1.  Bipolar  Wafer  CeD  Concept 


Provision  has  been  made  for  venting,  and  win  be  described  in 
a  later  publication.  These  unit  cells  are  series  connected  by  stacking 
them  fece  to  fiice  for  the  desired  voltage  (see  Fig.  2). 

The  prototype  Ni-MH  bipolar  ceO  is  based  on  a  misdi  metal 
(Mm)  ABj-type  hydride  aDoy  similar  to  the  International  Common 

Sanqiles  [10,11,12].  Misch  metal  has  been  used  as  a  low  cost 
substitute  for  lanthanum  in  the  fundamental  LaNij  metal-hydride 

afloy  formulation  which  can  store  iqi  to  6  hydrogens  (i.e.  LaNijH^). 

Substitution  of  part  of  the  Ni  serves  to  stabilize  the  hydride  nuterials 
by  forming  a  protective  surfiice  oxide  and  reduces  the  equilibrium 
hydrogm  storage  pressure. 

The  alloy  MmNi3  55Cog  75MnQ  ,|Alg  3  is  rqiresentative  of 

the  materials  used  in  the  EEI  cell  Fig.  3  shows  first  cycle  pressure- 
composition  isotherms  (PCI)  at  three  temperatures  of  an  EEI- 
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Sealed  cells  have  also  been  buik  with  foam  nickel  electrodes. 
Extended  cycle  fife  has  been  adiieved,  at  a  50%  DOD,  to  more  than 
2045  cycles  (see  Fig.  6). 


Fig.  2.  Unit  Cclb  for  Multiccil  Suck 


proprietary  formulation  of  an  ABj-type  alloy  [13].  A  low  plateau 
pressure  below  one  atmosphere  is  critical  for  large  capacity  cells. 

An  equilibrium  hydrogen  pressure  of  1  atm  at  25*^0  corresponds  to 
3.6  H/f  u.  or  288  mAh/g  metal-hydride  alloy. 

Various  kinds  of  nickel  positive  electrodes  have  been 
evaluated  in  wafer  cells,  including  conventional  sintered  carbonyl 
nickel,  plastic  bonded  [14]  and  foam  nickel  [15]  types.  The  final 
choice  will  be  based  not  only  on  performance  (E.D.  and  rate)  but  on 
future  production  cost  considerations  as  well  Electrical  contact  is  a 
significant  issue  in  electrode  behavior.  Both  foam  nickel  and  plastic- 
bonded  type  electrodes  have  demonstrated  extended  cycle  life  (see 
below). 


It  is  anticipated  that  plastic  bonded  electrode  technology  will 
have  a  significant  effect  on  Ni-MH  battery  price  reduction.  Plate 

capacities  are  on  the  order  of  5-6  Ah/in^  or  200  mAh/in^  based  on 
the  thickness  of  plates  employed.  Foam  nickel  plaques  are  pressed 
at  8000  psig  resuhing  in  a  loading  level  of  approximately  1.6  g/cc 

voids.  Capacities  are  typically  5.5  Ah/in*^. 

Resuhs 

Initial  studies  were  done  with  vented  single  cells.  Cells  were 
cycled  eight  times  daily  at  a  0.75  C  discharge  rate  at  1.0  A  to  a  1.0 
V  cutoff  (66%  DOD).  A  period  of  63  days  is  required  to  achieve 
500  cycles.  Signs  of  CO2  contamination  were  evidenced  through 

some  vohage  decay.  Replenishment  with  fi-esh  electrolyte  confirmed 
this.  Fig.  4  shows  data  firom  a  vented  cell  constructed  with  a  foam 
nickel  plaque  (Ekech)  pasted  with  high  density  active  material. 
Cycle  fife  results  are  very  encouraging.  Charge/discharge  cycles  are 
shown  as  high  as  cycle  #  2034.  Even  at  2000+  cycles,  the  discharge 
characteristic  still  appears  stable.  The  conductive  partitions 
demonstrated  excellent  dmability  in  the  electrolyte  without  showing 
signs  of  increased  contact  re^ance. 

More  recent  studies  have  focused  on  the  cycling  of  sealed 
cells.  A  metal  hydride  alloy  has  been  chosen  with  a  low  H2 

equilibrium  pressure.  Fig.  5  shows  a  family  of  charge/discharge 
profiles  to  cycle  #  1012  for  a  sealed  cell  enqiloying  a  plastic-bonded 
nickel  electrode  (3”  x  3“  x  0.035").  Measures  have  been  taken  to 
assure  adequate  recombination.  A  2  hour  cycle  was  chosen  at  a 
50%  IX)D. 


Most  recently,  EEI  has  beoi  actively  agaged  in 
constructing  mukicell  stacks.  Initial  studies  have  been  done  with 
vented  cells.  Fig.  7  shows  vohage  profiles  for  a  mukicell  stack  of  5 
cells  (6.0  V)  at  cycle  #125. 


Cost 

It  is  difificuk  enough  to  achieve  acceptable  performance 
resuhs  fi'om  new  battery  technologies.  It  is  indeed  unusual  to 
provide  this  improved  performance  at  reduced  cost.  Klein  and 
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Fig.  3.  Pressure  Composition  botherms  - 
EEI  Metal-Hydride  Alloy 
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Fig.  4.  EEl  BipoUr  Ni-MH  Vented  CeU 
Charge/Discharge  Characteristics 
(Foam  Nickel  Positive) 
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Fig.  5.  EEl  Bipolar  Ni-MH  Sealed  CeU 
Charge/Discharge  Characteristics 
(PB  Nickel  Positive) 


Salkind  [4]  modeled  estimated  production  costs  of  nuterials  on  a  20 
kWh  Ni-MH  battery  coiqtrised  of 200  Ah  cells  based  on  the  hydride 
alloy  MiiiNi3  55C0Q  75^0^  ^AIq  3  and  a  foam  nickel  positive. 

Volume  production  costs  of  bulk  finished  materials  were  calculated 
at  I .  S  times  raw  metals  costs.  The  total  materials  cost  estimate  was 
SlOO/kWh,  excluding  labor,  etc. 

Revising  the  cost  of  misch  metal  fi'om  S  10.5/kg  to  S5/kg  [9], 
reduces  the  estimate  to  S178/kWh.  Replacing  the  foam  nickel 
electrode  with  a  plastic  bonded  electrode  comprised  of  graphite 
($1  SO/Ib)  and  Pl'Fb  ($10/1b),  further  reduces  the  production  cost  to 
SI38/kWh,  a  22%  cost  reduction  based  on  the  PB  electrode  alone. 
Use  of  the  bipolar  configuration  would  further  reduce  materials 
costs  in  the  absence  of  grids,  tabbing,  leads,  and  terminals  as  weU  as 
in  the  reduction  of  ceU  case  hardware.  Hardware  cost  reduction  of 
50%  resuhs  in  a  total  material  cost  of  130$/kWh.  Anticipated 
production  costs  for  a  conventional  foam  nickel  Ni-MH  battery  are 
compared  to  a  plastic  bonded  bipolar  Ni-MH  system  in  Fig.  8. 
Finally,  reduction  in  labor  costs  for  the  system  are  expeaed  to  have 
a  amilar  effect. 

■Siimmary 

Initial  resuhs  for  both  vented  and  sealed  wafer  cells  appear 
very  promising.  Historically,  the  successful  fobrication  of  sealed 
bqtolar  batteries  has  been  hanqtered  by  materials  of  construction. 
The  resuhs  shown  above  demonstrate  that  bipolar  Ni-MH  cells  can 
be  sealed  and  achieve  exceUent  cycle  life.  Future  studies  will  focus 
on  developing  sealed  muhicell  stacks.  These  prototypes  will  be 
tested  to  evaluate  their  feasibility  for  various  device  applications. 
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Fig.  6.  EEl  Bipolar  Ni-MH  Sealed  CeU 
Charge/Discharge  Characteristics 
(Foam  Nickel  Positive) 


Fig.  7.  EEl  Bipolar  Ni-MH  Sealed  CeU  Stack 
Charge/Discharge  Characteristics 
(Foam  Nickel  Positive) 
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RECHARGEABLE  BIPOLAR  LEAIVFLUOROBORIC  ACID  BATTERY 
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EIC  Laboratories,  lac. 

Norwood,  Massachusetts  02062 


Abstract 

Progress  in  the  development  of  rechargeable  bipolar 
Pb/HBF/PbO,  batteries  is  reported.  High  rate  operation  and  excellent 
low  temperature  performance  delivering  -60%  of  the  room  temper¬ 
ature  ca^city  at  -S0°C  have  been  demonstrated.  At  the  present  state 
of  development  gas  man^ement  and  capacity  fading  during  extended 
cycling  are  the  main  limitations. 

Introductton 

For  various  airborne  and/or  space  borne  weapons  systems  the  U.  S. 
Air  Force  requires  power  sources  which  can  supply  pulsed  power  at 
power  densities  greater  than  SO  kW/kg.  The  U.S.  Air  Force  uses 
batteries  also  on  board  of  its  aircraft  to  supply  power  for  engine  starting 
and  to  support  a  variety  of  electronic  functions.  These  batteries  must 
be  able  to  operate  in  very  cold  weather  down  to  -SS°C.  They  must  be 
capable  to  deliver  high  power  and  in  the  context  of  the  more  electric 
aircraft  also  high  voltage.  Available  battery  technology  is  clearly 
power  limited.  Here,  tire  newer  high  energy  density  battery  systems 
offer  no  advantage  over  more  well  establisted  batteries,  for  example, 
the  lead  acid  systems  (1). 

Lead/lead  dioxide  fluoroboric  acid  batteries  are  used  by  the 
milit^  as  an  inexpensive  reserve  type  primary  battery  in  applications 
requiting  high  di^harge  rates  over  a  wide  temperature  range  (e.g., 
proximity  fuzes  (2,3)).  Beck  (4,5)  demonstrated  that  the  system  can 
be  electrically  recharged  using  graphite  based  electrode  substrates. 
Earlier  work  in  our  laboratory  established  the  general  feasibility  of  a 
secondary  bipolar  Pb/hSF4/Pb02  battery  for  Ugh  pulsed  power  (6). 
The  Pb  electrode  was  particularly  well  behaved  allowing  extremely 
high  discharge  rates.  The  reduction  of  Pb^  is  more  complicated  and 
was  performance  limiting.  In  the  present  investigation  we  identiHed 
and  quantified  aspects  of  particular  importance  for  the  realiution  of 
practical  bipolar  Pb/HBF^/PbO}  batteries  including  oxidation  of 
cathode  substrates,  capacity  fading  upon  cycling  and  gas  accumulation 
in  the  cells. 
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Figure  1.  Schematic  illustration  of  bipolar  3'Cell  PtVHBF^/PbOj 
battery  configurations. 


could  then  be  used  as  substrates  for  PbOj  and  Pb.  The  battery  stack 
illustrated  in  Figure  lb  consists  of  a  repeating  sequence  of  a 
graphite-filled  polymer  membrane,  a  porous  ^lypropylene  separator, 
and  a  graphite  felt  layer.  The  graphite-filled  polymer  membrane  serves 
as  the  substrate  for  the  Pb  electrode  and  as  the  current  collector  in  the 
bipolar  arrangemenL  The  graphite  felt  provides  a  three-dimensional, 
enhanced  surface  area  substrate  for  the  PbOj,  which  has  the  slower 
kinetics  of  the  two  electrode  materials.  The  pores  also  provide  the 
space  needed  for  the  electrolyte. 


In  principle,  the  battery  can  be  assembled  by  simply  stacking  the 
individual  components.  The  plastic  bipolar  sutetrates  can  be  joined 
via  a  heat  seal  to  a  plastic  gasket  bridging  the  electrolyte  space  at  the 
periphery.  Thus,  an  integ^  battery  closure  is  achieved.  The  battery 
is  then  activated  through  small  o]xnings  by  vacuum  filling  from  a 
single  electrolyte  reservoir.  In  this  discharged  state,  the  batte^ 
generates  no  voltage  and  hence  presents  no  high  voltage  pi  oblems  in 
handling.  This  is  in  strong  contrast  to  the  difficulties  encountered  in 
activating  other  thin  film  bipolar  arrays  which  may  have  voltages  up 
to  200  V/cm.  Upon  charging.  Pb  and  PbOj  are  plated  onto  the  sulv 
strates  and  HBF4  is  generated  in  the  electrolyte.  The  result  is  an  active, 
multicell,  bipolar  battery  generating  about  1.6V  per  cell. 


Battery  Concept 

To  achieve  high  power  densities,  and  to  function  effectively  at 
low  temperatures,  an  electrochemical  couple,  and  the  battery  con¬ 
structed  from  it,  must  satisfy  the  following  requirements: 

•  Rapid  electrode  kinetics  without  passivation 

•  Thin  layer  construction 

•  Highly  conducting  non-freezing  electrolyte 

•  Bipolar  battery  configuration 

The  bipolar  rechargeable  Ph/HBFyPbOi  battery  as  schematically 
illustrated  in  Figure  1  satisfies  all  o^  :hese  conditions  and  has  the 
potential  to  active  a  power  density  of  100  kW/kg  and  an  energy 
density  of  30  Wh/kg  in  an  optimize  practical  configuration.  The 
batte^  is  unusual  in  that  it  uses  two  electrodes  of  the  tot  kind.  The 
reaction  product  for  discharge  of  both  electrodes  is  the  same,  PbfBFtlj, 
a  highly  soluble  salt  in  the  fluoroboric  acid  electrolyte.  On  charge, 
Pb  and  Pb02  are  plated  back  onto  the  substrates  from  the  common 
electrolyte  accort&ig  to  the  following  overall  equation. 

2Pb(BF4)i  Pb  +  PbOj  +  4HBF4 

The  standard  potential  of  the  Pb/HBF4/Pb02  couple  is  1.S9V  with 
the  PbO>2  electrode  0.23V  less  positive  than  in  sulfuric  acid  electro¬ 
lytes.  Tte  lower  potential  for  PbO,  should  allow  the  use  of  graphite 
as  an  electrode  substrate  which  would  be  too  readily  oxidized  in 
sulfuric  acid.  Graphite  felt  and  a  graphite-filled  polymer  membrane 


Experimental  Procedures 

Single  cells  and  bipolar  three-cell  battery  prototypes  of  the  con¬ 
figuration  shown  in  Figure  1  were  evaluated  in  laboratory  test  fixtures. 
A  typical  arrangement  is  shown  in  Hgure  2.  The  electrochemical  cell 
was  of  circular  geometry  with  an  active  el«;trode  area  of  S  cm^.  The 
electrolyte  cavity  was  defined  by  a  nonconducting  rubber  gasket  and 
contain^  various  highly  porous  spacer  components,  e.g.,  carbon  felt 
(Technimat  6100- 1()0.  Lydall  Technical  Papers),  carbon  cloth  (Panex 
PWB-6,  Zoltek  Cmrp.),  nonwoven  poly^pylene  mat  (FS2107, 
Freudenberg).  The  separator  was  a  microporous  wettable  polypro¬ 
pylene  (Celgard  3401,  Celanese)  sandwiched  between  rubber  gaskets. 
As  electrode  substrates  we  used  in  ail  cases  a  highly  conductive  carbon 
filled  plastic  film,  based  on  a  PVC  copolymer,  manufactured  by  James 
River  Graphics.  It  was  used  as  0.005  and  0.010  cm  thick  film  and  for 
the  end  electrodes  also  as  laminate  bonded  to  aluminum  foil  Thin 
gold  coatings  were  applied  to  the  substrate  either  by  dc  magnetron 
sputtering  or  by  electroplating  (Orotemp  24,  Technic,  Inc.)  Inter¬ 
mediate  palladium  layers  were  deposited  from  Pallaspeed  DW 
(Technic,  Inc.) 

The  cells  were  activated  by  vacuum  impregnation  with  electrolyte 
through  polyimid  microtubing  penetrating  tire  rubber  gasket  The 
tubing  was  subsequently  sealed  with  hot  melt  adhesive.  The  elec¬ 
trolytes:  2M  Pb(BF4),  IM  HBF4  and  3M  PtKBF,),  IM  HBF^  were 
prepared  from  HBF4  (^-50%  solution.  Spectrum)  and  Pb(BF4)2  (50% 
solution,  Riedel-deHaers).  The  three  molar  electrolyte  was  obtained 
by  water  removal  under  reduced  pressure.  The  cell  and  battery  test 
procedure  consisted  primarily  of  galvanostatk  cycling  between  set 
voltage  limits  using  an  in-house  bv^t  cycler  and  a  multichannel  data 
acquisition  system  (BT  8000).  A  summary  of  the  cell  construction 
and  operating  variables  is  shown  in  Table  1. 


Copper  Cathode  Current  Collector 


Figure  2.  Experiinenta]  test  arrangement  for  Pb/HBF^/PbOa  ceils  and 
batteries. 

l  able  1.  Listing  of  Cell  Construction  and  Operating  Variables. 


Cdd  Cr^n-stniction  Parameters: 

Carbon  Eiecnode  S<’bstrate:Sheet,  felt,  cloth 
Electrode  Spacing.  0.07  to  O.IS  cm 

Electrode  Surface;  C,  Au 

Cell  Configuration:  Divided,  undivided 

Electrolyte  Cone.;  2M  PbCBF^lj  IM  HBF4;  3M 

PbfBF,)!  IM  HFB« 

Electrolyte  Additives:  None,  0  to  10  mM  Ni(NOj)2 


Charge  Mode: 

Charge  Current: 
Charge  Voltage  Limit: 
Discharge  Current: 
Discharge  Rate: 

Open  Circuit  Stand: 
Temperature; 


Galvanostatic,  pulsed 
2  to  20  mA/cm^ 

2.2  to  2.7V 
2  to  500  mA/cm^ 

1  to  200  C  rate 
0to90h 
30  to  -52"C 


Cell  Voltage 
Electrode  Potentials 
Cell  Capacity 
Cell  Resistance 
Gas  Generation 


Quantitative  measurements  of  gas  generation  and  consumption  in 
the  hermetically  sealed  cell  were  achieved  via  a  movable  piston 
coupled  to  a  linear  displacement  transducer  (24  DCDT-050,  Hewlett 
Packard)  giving  a  resolution  of  -0.001  cm. 

Electrolyte  conductivity  was  measured  at  1000  Hz  using  a  YSI 
conductivity  bridge  (Model  3 1 )  and  a  commercial  dip  cell  (YSI  #344)). 
A  clear  (unsilvered)  dewar  permitted  temperature  control  and  solution 
observation  to  identify  the  onset  of  crystallization.  Characteristic 
results  are  summarized  in  Figure  3.  With  7. 5M  HBF4  and  3M  Pb(BF«)2 
IM  HBF4,  no  phase  separation  was  observed  over  the  measured 
temperature  range.  Ice  crystallized  from  the  other  solutions  starting 
at  the  indicated  temperatures.  In  contrast  the  lead  salt  precipitated 
from  a  four  molar  solution  at  about  lOT. 
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Figure  3.  Solution  conductivity  as  a  function  of  temperature  for 
various  electrolytes.  Start  of  ice  formation  marked  by  arrows. 

Results  and  DfecusskHi 

Resulte 

The  typical  charge-discharge  behavior  for  a  Pb/HBF4/Pb02  bat¬ 
tery  (conhguration  b  in  Fig.  1  with  gold  coated  cathode)  is  illustrated 
in  Figure  4.  The  initial  Pb02  formation  occurred  at  a  high  overvoluge. 
During  disch^e  some  lower  oxide  remained  at  the  ciuhode  substrate 
surface  conditioning  it  favorably  for  the  following  charge  which  now 
occurred  at  a  lower  {wtential  (midcharge  cell  voltage  -1.9V).  This 
also  completely  eliminated  oxygen  evolution  during  charge  if  over¬ 
charge  was  avoided  by  charge  termination  below  2.3  V.  Some  oxygen 
generation  was,  however,  identified  during  discharge,  especially 
during  early  cycles  and  after  battery  regeneration  as  can  be  seen  in 
Figures  4  and  5.  In  general,  the  gas  was  gradually  consumed  by  dif¬ 
fusion  to  and  reacting  at  the  lead  anode.  In  this  ^ciftc  battery  gas 
consumption  was  particularly  sluggish.  Gas  chromatographic  analysis 
revealed  -40%  O2,  35%  CO  and  -25%  CO2  indicating  carbon  oxi¬ 
dation.  Low  temperature  performance  was  excellent  as  shown  in 
Figure  6.  The  capacity  at  1()0  m  A  was  about  60%  and  the  cumulative 
capacity  70%  of  that  obtained  at  room  temperature.  During  cycling 
we  encountered  a  gradual  decrease  in  capacity.  The  "lost"  capacity 
could  be  fully  recovered  during  low  rate  disch^ge  at  about  0.7V.  A 
partial  discharge  continuation  is  shown  in  Figure  7.  Following  "re¬ 
conditioning"  via  complete  discharge  the  original  battery  performance 
was  restored  although  the  rate  of  capacity  fade  was  somewhat 
accelerated  probably  due  to  a  degradation  of  the  substrate  surface 
quality  by  remaining  reaction  products. 


tmin 


Figure  4.  Charge/discharge  cycle  of  battery  A.  Cycle  1,  charge  100 
mA  for  0.1  s  followed  by  0.4  s  rest,  discharge  100  mA.  a,  battery 
voltage;  b,  cell  voltage;  c,  cell  stack  expansion  (piston  displacement). 
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Figure  S.  Voltage  and  displacement  of  battery  A  during  a  test  sequence 
following  a  complete  discharge.  Charge  and  discharge  at  25  mA 
separated  by  rest  periods,  cycles  51  to  55. 


Figure  6.  Discharge  of  battery  A  at  -52”C.  a,  batteiy  voltage;  b,  cell 
voltages. 


Figure  7.  Cell  voltage,  a,  and  displacement,  b,  during  continued 
discharge  of  battery  A,  10  mA,  cycle  45. 


Discussioa 

During  this  investigation  we  identified  the  following  as  critical 
subject  areas: 

•  Materials  stability 

•  Gas  generation  and  accumulation 

•  Capacity  maintenance  during  cycling 

Materials  Stability:  The  main  difficulty  arose  from  the  combi¬ 
nation  of  a  high  acid  concentration  (7M  HBF4)  and  a  very  oxidizing 
cathode  environment  in  the  cell.  Ibe  carbon-plastic  substrate  was 
oxidatively  attacked  at  the  cathode  resulting  in  a  highly  resistive 
interface  layer  leading  to  cell  failure  via  excessive  polarization.  We 
identified  the  formation  of  graphite  oxide  at  the  substrate  surface  as 
the  cause.  In  an  effort  to  protect  the  substrate  surface  we  found  gold 
to  be  stable  in  the  electrolyte  at  the  cathode  potentials.  Thin  gold 
coatings  deposited  onto  the  carbon  plastic  substrate  greatly  enhamred 
cell  performance  but  eventually  failed  due  to  electrolyte  penetration 
between  the  metal  and  the  ca^n  substrate.  Further  development 
resulted  in  a  well  performing  stable  bipolar  carbon  plastic  electrode 
substrate  of  which  the  catho^  side  was  coated  with  a  thin  palladium 
under  layer  and  a  gold  overlayer. 

Gas  GetKralioii  and  Accnniulalioa;  L,  a  hermetically  sealed, 
thin  layer  bipolar  battery  no  gas  accumulation  can  be  tolerated.  The 
corrosion  rates  of  Pb  and  PbOj  in  HBF4  are  very  low  but  gas  would 
be  generated  during  overcharge  of  the  cell.  WhUe  O2  will  react  with 
Pb  the  reaction  of  Hj  and  PbOj  is  very  slow.  The  conventional 
approach  to  assure  Oj  evolution  only  by  state  of  charge  adjusunent 
cannot  be  used  because  both  active  materials  are  formed  simulta¬ 
neously  from  the  same  electrolyte.  However,  since  overvoltages  for 
H}  and  O2  generation  are  high  charge  termination  by  cell  voltage  is 
practical. 

More  cumbersome  was  the  generation  of  oxygen  at  the  cathode 
during  discharge.  The  amount  and  rate  of  gas  generation  was  found 
to  depend  on  the  discharge  parameters  and  especially  on  cell  history. 
It  was  greatest  at  the  beginning  of  cell  life  and  after  regeneration  via 
full  discharge.  It  decrrased  upon  cell  cycling.  This  gas  generation 
could  be  accommodated  if  sufFicient  time  was  allowed  for  diffusion 
to  and  reaction  at  the  anode.  The  use  of  dry  separators  to  accelerate 
gas  tran^rt  is  not  applicable  in  the  present  system  because  capacity 
and  discharge  performance  are  directly  lii^ed  to  the  amount  of 
electrolyte.  Fuiihermore,  we  found  it  necessary  to  insert  a  micropo- 
rous  separator  (e.g.,  wettable  Celgard)  to  prevent  soft  shorting  between 
anode  and  cathode  via  Pb  (tendrites  or  colloidal  lead  oxides. 
Substantial  gas  generation,  e.g.,  by  overcharge  or  continuous  cycling 
required  an  overnight  rest  period  for  gas  consumption. 

Carbon  substrates  at  the  cathode  potential  were  slowly  oxidized. 
This  resulted  in  the  formation  of  CO  and  CO2  as  gaseous  species. 
These  gases  will  not  be  reduced  and  accumulate  in  a  sealed  system 
gradually  degrading  its  performance  and  limiting  the  useful  life.  Our 
results  suggest  that  the  presence  of  CO  inhibited  also  the  reduction  of 
oxygen  at  the  Pb  electrode.  While  the  oxygen  liberated  during  dis¬ 
charge  was  consumed  on  charge  in  the  battery  without  exposed  carbon 
at  the  cathode  it  mostly  accumulated  in  the  battery  with  a  carbon  cloth 
substrate. 

Capi^ty  Maintenance  during  Cycling:  During  charge  essen¬ 
tially  all  ionic  lead  was  converted  to  Pb  and  Pl^2-  Thus,  the  theoretical 
and  maximum  experimental  charge  capacity  was  directly  proportional 
to  the  Pb^*  concentration  in  the  electrolyte.  The  low  rate  charge 
efficiency  was  near  100%  in  the  2M  and  only  slightly  less  in  the  3M 
Pb{BF4)2  electrolyte. 

During  battery  discharge  we  realized  60  to  80%  of  the  charge 
capacity.  In  subsequent  cycles  the  charge  capacity  was  only  slighdy 
larger  than  the  discharge  capacity  and  in  later  cycles  the  charge  in  each 
half  cycle  became  nearly  identical.  The  capacity  generally  decreased 
markedly  upon  continued  cycling.  Three  main  mechanisms  have  been 
identified  as  responsible  for  this  effect:  1 )  Electrode  shape  change,  2) 
active  material  isolation,  and  3)  accumulation  of  PbO,  intermediates. 
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During  cell  cycling  in  vertical  orientation,  we  observed  the  con¬ 
centration  of  active  material,  both  Pb  and  PbOj  towards  the  bottom  of 
the  cell.  This  was  caused  by  electrolyte  convection  due  to  density 
gradients  during  plating  and  dissolution.  In  undivided  cells  this  would 
invariably  lead  to  cell  failure  via  shorting.  The  phenomenon  is  similar 
to  that  encountered  with  Zn  electrodes  in  alkaline  electrolytes.  This 
problem  could  be  completely  eliminated  by  horizontal  orientation  of 
the  cell,  the  use  of  nonwoven  absorber  mats  and  a  layer  of  microporous 
separator  between  the  anode  and  cathode  compartments. 

Active  material  isolation  occurred  at  the  anode  and  cathode.  The 
former  resulted  from  dendritic  or  highly  porous  Pb  deposits,  which, 
especially  during  high  rate  discharge,  dissolved  preferentially  close 
to  the  substrate  leaving  islands  of  Pb  deposits  in  the  polypropylene 
absorber  mat.  Pulse  charging  and  the  use  of  three  dimensional  con¬ 
ducting  substrate  matrices  (e.g.,  carbon  felt)  minimized  this  effect. 
Charge  termination  prior  to  complete  Pb^  ion  depletion  at  the  substrate 
surface  would  also  reduce  dendritic  deposits  but  is  difficult  to 
implement  in  a  practical  battery  without  compromising  energy  den¬ 
sity. 

Active  material  isolation  at  the  cathode  was  observed  with  carbon 
substrates  due  to  substrate  oxidation  and  formation  of  highly  resistive 
graphite  oxide  at  the  substrate-PbOj  interface.  We  solved  this  problem 
by  protecting  the  carbon-plastic  substrate  surface  with  a  thin  coating 
of  Pd  and  Au.  Within  our  test  experience  this  modified  substrate  was 
found  to  be  completely  stable  in  the  cell  environment. 

The  third  mechanism  for  loss  of  useable  capacity  during  continued 
cycling  was  related  to  chemical  and  electrochemical  changes  at  the 
cathode.  The  cathode  reaction  appeared  to  be  quite  complex.  This  was 
unexpected  since  in  highly  acidic  solution,  cathodic  dissolution  of 
PbO;  must  be  essentially  a  heterogeneous  process,  which  means  the 
lattice  is  dissolved  electrochemically  layer  by  layer.  In  our  cell  tests 
we  found  that  a  cathode,  the  normally  accessible  capacity  of  which 
had  decreased  upon  cycling,  when  discharged  below  the  usual  voltage 
cutoff  at  reduced  rate  yielded  a  large  flat  capacity  plateau  at  about 
0.7V  vs.  Pb/Pb^*  with  only  moderate  rate  sensitivity.  On  open  circuit 
the  voltage  rose  to  about  I.IV,  a  clear  indication  that  we  were  not 
merely  dealing  with  a  poor  ohmic  connection  of  the  reaction  material. 
The  combined  capacity  of  the  regular  discharge  and  the  low  voltage 
discharge  accounted  fully  for  the  total  cell  capacity.  Following  such 
a  "regeneration"  discharge  which  apparently  removed  most  of  the 
PbO,  material  from  the  cathode  the  cell  behavior  resembled  that  of  a 
new  cell.  The  rate  of  capacity  decline  upon  further  cycling  appeared, 
however,  somewhat  accelerated  in  such  a  regenerated  cell.  Appar¬ 
ently,  some  residual  material  remaining  on  the  substrate  acted  as  a 
nucleus  or  catalyst  for  this  change. 


The  electrode  behavior  could  be  explained  via  the  fotmation  of 
PbC^  species  similar  to  those  discussed  for  Pb  conversion  by  Dawson 
(7).  These  are,  however,  stable  only  at  higher  pH  values  and  thus 
would  require  l^ge  diffusional  gradients  or  protective  surface  layers 
which  shielded  the  material  from  the  high  proton  activity  in  the 
electrolyte.  Within  the  scope  of  this  program  we  have  not  been  able 
to  investigate  these  mechanistic  aspects.  If ,  as  it  appears,  surface  layers 
play  a  critical  role,  changes  in  electrolyte  composition  (e.g.,  impurities 
or  additives)  may  have  a  large  effect  in  influencing  these  side  reactions. 
The  only  electrolyte  additive  used  in  our  cell  tests  was  NKNO,)}.  It 
appeared  to  have  a  beneficial  effect  Whether  this  was  due  to  the  NO, 
ion  (the  cathode  kinetics  is  rapid  in  HNO,)  the  NO, /NO,  redox 
reaction  or  the  incorporation  of  Ni  into  the  PbO,  deposit  (S)  has  not 
been  established. 

Condusioiis 

Our  results  demonstrate  that  the  Pb/HBFv^bO,  system  can  be 
operated  as  a  secondary  bipolar  battery  at  relatively  high  rates  (4  to 
40  C).  Low  temperature  performance  was  excellent  delivering  -60% 
of  the  room  temperature  capacity  at  -52°C.  At  the  present  state  of 
development  gas  management  and  capacity  fade  during  cycling  are 
the  main  limitations,  '^ey  need  to  be  addressed  before  practically 
attractive  bipolar  batteries  can  be  constructed. 
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ABSTRACT 

The  Bipolar  Lead/Acid  batteiy  cunently  under  development 
Jcdmson  Qmtiols  Battery  Giotq;>,  Inc.  (JCBGI)  is  ideally  suited 
for  high  power,  high  voltage  applications  were  mass  and 
volume  are  constrained.  The  lead/acid  batteiy  is  an  attractive 
candidate  for  a  bipolar  design  because  of  its  high  power 
capabilities,  well-known  chemistry,  good  thermal 
characteristics,  and  widespread  manufacturing  base.  The 
battery  cunently  being  developed  is  projected  to  provide  a  70- 
90%  reduction  in  mass  and  volume  over  conventional  lead/acid 
batteries  and  a  30-30%  savings  over  JCBGI’s  earlier  bipolar 
designs.  This  development  program  is  cunently  being  funded 
by  Wright  Laboratories  through  the  More  Electric  Aircraft 
Initiative.  Recent  progress  in  the  areas  of  conqiosite  bipolar 
substrate  development,  batteiy  design,  and  batteiy  performance 
will  be  discussed. 


INTRODUCTION 


The  typical  lead/acid  cell  is  usually  built  in  a  monopolar 
configuration  with  number  of  electrodes  connected  in  parallel. 
Within  the  parallel  grouping  each  individual  electrode  faces  at 
least  one  plate  of  opposite  polarity.  Three  or  more  of  these 
cells  are  connected  in  series  to  achieve  nominal  outputs  of  6 
volts  or  higher.  A  bipolar  battery  differs  from  the  monopolar 
in  that  each  electrode  is  made  of  a  positive  and  negative  surface 
mounted  back  to  back  on  a  conductive  interface.  Between 
electrodes  are  placed  a  glass  mat  separator.  The  advantage  to 
the  bipolar  design  is  the  shorter,  more  uniform  current  path 
which  reduces  internal  resistance  and  greatly  improves  the 
power  cqiabilities  of  the  battery.  (Figure  1) 

Figure  1 
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The  results  of  the  bipolar  advantage  can  be  found  in 
Figure  2.  This  compares  actual  discharge  discharge  data  from  a 
quasi  bipolar  battery  and  a  leading  high  performance 
monopolar  lead  acid  batteiy  at  the  1  dtap/cen?  discharge  rate. 

Figure  2 


The  bipolar  design  is  novel  for  lead/acid  batteries.  A 
lead/acid  battery  with  a  laminated  lead  conductive  plastic 
electrode  core  was  first  disclosed  by  JCBGI  as  early  as  1976. 
Investigations  into  this  technology  continued  at  a  low  effort 
until  1988  when  JCBGI  was  awarded  a  contract  with  Jet 
Propulsion  Laboratories  through  Wright  Laboratories  to 
develt^  a  b^lar  lead/acid  batteiy.  This  contract  was  followed 
by  a  DoD  contract  with  JCBGI  developing  a  430  volt  quasi 
bipolar  battery  system  for  the  Army  that  is  capable  of 
providing  over  100  MegaJoules  of  energy  in  the  customer 
specified  pulse  discharge  profile.  In  September  of  1991, 
JCBGI  began  second  program  with  Wright  Laboratories  of  36 
months  in  length,  to  develop  a  true  b^lar  batteiy  for  the  More 
Electric  Aircraft  Technology  (BMET)  initiative.  This  program 
is  targeted  at  introducing  the  next  generation  of  bipolar 
lead/acid  batteries  in  Sqaember  of  1994. 

The  bipolar  lead/acid  batteiy  is  based  on  conventional 
active  materials  and  lead/acid  chemistry.  The  active  materials 
are  PbO,  at  the  positive  electrode  and  porous  Pb  at  the 
negative.  The  two  electrode  materials  are  applied  on  either 


221 


side  of  a  conductive  substrate  and  oppose  each  other  across  a 
separator.  Both  electrodes,  and  the  separator  in  between  them, 
are  nearly  saturated  with  sulfuric  acid.  The  battery 
incorporates  a  gas  recombinant  design  where,  under  normal 
operating  conditions  any  gas  produced  in  the  cell  recombines  to 
form  water.  This  eliminates  the  need  for  any  water  addition  or 
battery  maintenance.  The  battery  can  be  designed  to  include  a 
safety  vent  that  will  release  excessive  gas  build  up  in  case  of 
misuse. 

Presently,  JCBGI  has  two  different  bipolar  designs  under 
development.  The  Hrst  design  is  based  on  electrodes  that  sQre 
made  conductive  by  electrically  connecting,  through  the 
substrate,  the  lead  grids  on  either  side  of  the  substrate.  These 
electrodes  are  called  "quasi-bipolar"  to  differentiate  them  from 
a  substrate  that  itself  is  electrically  conducting  which  is  called 
"true  bipolar". (Figure  3)  The  quasi  bipolar  electrode  was 
designed  when  a  suitable  true  bipolar  substrate  could  not  be 
developed  in  the  timeframe  of  the  initial  contract  with  JPL. 
The  quasi  bipolar  design  has  allowed  JCBGI  to  push  forward 
the  technology  of  bipolar  battery  development  and 
manufacturing  without  a  true  bipolar  substrate.  While 
showing  obvious  power,  volume,  and  weight  advantages  over 
monopolar  lead  acid  batteries,  manufacturing  and  cycle  life 
problems  limit  the  future  of  quasi  bipolar  batteries  for  use  in 
many  applications. 

Figure  3 


■POLAR  CONCEPT  COHPAmON 
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The  key  to  producing  a  true  bipolar  battery  is  the 
development  of  a  conductive  substrate  that  can  withstand  the 
rigors  of  a  lead/acid  system.  The  essential  function  of  the 
substrate  is  to  provide  electronic  conduction  between  the  two 
active  materials  on  each  side  of  the  substrate,  without 
permitting  ionic  conduction,  which  would  short  out  the  cell. 
The  substrate  requires  not  only  low  resistance,  but  also 
chemical  stability  in  sulfuric  acid  and  electrochemical  stability 
at  both  the  positive  and  negative  half-cell  potentials.  The 
substrate  also  must  be  manufacturable  and  relatively 
inexpensive  to  produce.  The  substrate  requirements  are 
summarized  below; 

1 .  Highly  Conductive 

2.  Chemical  insolubility  in  sulfuric  acid  and  in  the 
potential  windows  of  both  electrodes. 

3.  High  oxygen  and  hydrogen  oveipotentials  in  sulfuric 
acid. 

4.  Ineitness  to  the  electrode  reactions. 

5.  Impervious  to  penetration  of  the  acid  electrolyte. 

6.  Ease  of  manufacturing  and  cell  to  cell  sealing. 


By  developing  a  true  bqtolar  substrate,  the  failure  mode 
which  caused  cycle  life  proMoau  with  the  quasi  design(ie-grid 
corrosion)  has  been  removed.  The  true  bipolar  design  also 
offers  to  be  much  nme  manufiKturable  dian  the  quasi  design. 

JCBGI  is  currently  woiking  with  Wright  Laboratories  on 
a  36  month  contract  focussed  on  developing  the  true  bqwlar 
substrate.  Woik  to  date  has  been  very  promising.  Materials 
have  been  identiffed  and  proven  to  be  stable  in  small  scale 
compounding  trials.  Battery  testing  results  have  also  been 
extremely  encouraging.  Initial  work  was  concentrated  on 
different  manufacturing  and  compounding  techniques  which 
will  improve  the  reliability  of  the  substrate  material. 
Optimized  compounding  parameters  will  lead  to  common 
manufacturing  techniques  such  as  extrusion  and  injection 
molding.  Recent  woik  has  been  focussed  m  batteiy  falnication 
and  testing. 

SUBSTRATE  FABRICATION  TECHNIQUES 

The  focus  of  JCBGI’s  work  has  been  on  producing  a 
polymer  based  bipolar  substrate.  Resins  investigated  include 
LDPE,  LLDPE,  HOPE,  Kynar,  and  PTFE.  Initially  these 
materials  were  compounded  by  hand  in  small  batches  using  a 
moitar  and  pestle.  This  process  was  very  limited  in  batch  size 
and  caused  a  large  degree  of  variability  from  trial  to  trial.  The 
high  loading  levels  needed  by  some  conductive  fillers  (70-85% 
by  weight)  to  make  the  matoial  conductive  dictate  that  special 
equipment  is  needed  to  process  the  material.  JCBGI  has  been 
using  a  twin  screw  extruder  to  perfonn  the  compounding. 

JCBGI  began  its  development  using  LDPE.  The  plastic 
is  purchased  in  powder  form  which  results  in  a  much  more 
uniform  dispersion  of  the  ffller  material  and  helps  eliminate 
porosity.  JCBGI’s  approach  in  developing  processing 
parameters  was  to  first  prove  the  stability  of  the  conductive 
nUer,  second  to  optimize  part  conductivity  and  eliminate  part 
porosity,  and  third  to  reduce  part  thickness  from  around  0.070" 
to  0.015".  To  prove  the  stability  of  the  filler,  test  parts  were 
hand  compounded  at  loading  levels  of  70-80%  by  weight,  and 
compression  molded  to  a  thickness  of  0.070"  and  stability 
tested.  After  a  series  of  successful  tests,  no  change  in 
resistivity  after  4  to  30-t-  days  while  maintaining  a  positive 
potential  of  1.5  volts,  the  emphasis  changed  towards  making 
the  parts  thinner,  and  more  conductive. 

Because  the  properties  of  the  filler  dictate  a  loading  level 
of  70-85%  by  weight  is  needed  to  result  in  part  conductivity 
high  enough  for  use  in  a  battery,  JCBGI  began  investigating 
additives  that  would  improve  the  physical  properties  of  the 
substrate.  A  number  of  different  additives  were  thoroughly 
investigated  and  only  coupling  agents  were  found  to  provide 
any  real  advantage.  The  others  while  improving  part 
conductivity,  caused  additional  problems  with  part  porosity. 

A  series  of  trials  were  conducted  to  optimize  the  loading 
level  and  addition  method  of  the  coupling  agent.  Four  different 
coupling  agents  were  attempted.  The  coupling  agents  are  used 
in  small  quantities,  0.01-1.00%  by  weight,  of  the  frller.  They 
are  designed  to  bond  between  the  filler  and  die  base  resin.  The 
coupling  agent  improved  part  conductivity  and  reduced  part 
porosity  at  levels  between  0.35%- 1.00%.  At  levels  higher  than 
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STABILITY  TESTING 


1 .00%,  the  additional  material  did  not  offer  any  inq)rovenKnt 
over  the  1.00%  level.  It  was  also  found  that  the  order  of 
addition  was  critical  to  dw  peifoimance  of  die  material.  It  was 
much  more  effective  to  blend  the  coupling  agent  with  the 
conductive  filler  {»ior  to  adding  the  resin. 

Most  of  the  development  woifc  was  done  using  PE.  This 
material  has  given  JCBGI  the  best  results  to  date.  Recently. 
JCBGI  has  also  been  investigating  dififerent  resins  which  would 
give  the  substrate  more  high  temperatures  capabilities  and  a 
more  rigid  structure.  Depending  upon  the  iqiplication,  the  resin 
with  the  best  properties  can  be  used. 


BATTERY  ASSEMBLY  TECHNIQUES 

One  of  the  biggest  advantages  to  using  a  composite 
b^lar  substrate  is  the  many  different  options  available  for  cell 
to  cell  sealing.  Lead  sheet  substrates  have  long  been 
investigated  for  use  in  bipolar  batteries  but  have  obvious 
drawbacks  as  far  as  weight  and  corrosion.  However,  the 
biggest  problem  with  lead  sheet  may  be  producing  reliable  and 
inexpensive  cell  to  cell  seals.  A  composite  substrate,  besides 
eliminating  the  weight  and  corrosion  concerns,  allows  one  to 
use  any  number  of  inexpensive,  existing  methods  to  produce 
the  cell  to  cell  seal. 


Both  of  JCBGI’s  bipolar  designs  can  utilize  the  same  cell 
to  cell  sealing  methods.  The  substrates  are  designed  to  be 
interchangeable  in  the  same  tooling.  The  substrates  are  first 
thermally  sealed  to  a  non-conductive  frame.  The  electrodes 
can  then  be  joined  together  by  vibration  welding  die  frames  to 
each  other.  The  plates  are  stacked  on  top  of  each  other,  with  a 
separator  in  between.(Figure  4)  This  allows  you  to  build  up  the 
battery  voltage  in  two  volt  increments  without  tooling  changes. 
Finally,  an  acid  fill  port  is  then  welded  into  each  cell.  This 
method  of  assembly  has  been  used  for  all  of  the  quasi  battery 
development  with  a  great  deal  of  success. 


Figure  4 

BIPOIAR  BfTTERY  ASSEMBLY 
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:  JCBGI  has  also  developed  a  new,  one  step  sealing 

technique  to  replace  the  initial  three  step  method.  This 
technique  petfoims  the  initial  seal  of  the  substrate  to  the  frame, 
and  the  frame  to  frame  seal  in  one  step.  In  addition  the  fill 
I  port/vent  assembly  can  be  designed  to  be  sealed  at  the  same 

[  time.  The  new  method  eliminates  the  vibration  welding  step 

I  which  has  history  of  dendritic  cell  failure  caused  by  separator 

I  shearing.  This  improved  desi^  also  lends  itself  to  be  more 

I  manufacturable  and  cost  effective  than  the  vibration  welding 

'  method. 

I 
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Stability  testing  of  a  bqwlar  substrate  and/or  conductive 
fillers  has  been  developed  at  JCBGI  over  many  years.  The 
method  used  for  during  this  development  has  been  the  so  called 
"three  and  four  point  method"  were  the  bipolar  substrate  is 
exposed  to  a  constant  potential  of  1.5  volts.  First,  the  substrate 
is  sandwiched  between  the  two  cells  and  serves  as  the  woiking 
electrode.  A  constant  potential  of  1.5  volts  is  applied  to  the 
substrate  in  the  three  electrode  system  were  the  current  is 
collected  at  the  top  of  the  substrate.  After  24  hours  the  test  is 
switched  to  a  four  point  test  with  the  current  being  collected 
after  it  passes  through  the  substrate.  With  the  potential 
remaining  at  1.5  volts,  the  test  continues  for  a  minimum  of 
three  additional  days.  Ideally,  if  the  substrate  was  not  porous, 
the  current  would  remain  the  same  for  both  the  three  and  four 
point  tests.  A  rising  current  during  testing  would  suggest  a 
porous  substrate  or  a  non-staUe  conductive  filler. 

The  second  test  of  the  substrate  must  pass  is  the 
conductivity  test.  The  conductivity  of  the  pan  is  measured 
before  and  i^er  the  stability  test.  If  the  cmiductivity  increases 
more  than  10%  the  pan  has  exhibited  either  porosity  or  the 
conductive  filler  is  not  stable.  For  a  conductive  filler  that  is 
stable,  an  increase  in  resistivity  would  indicate  a  porosity 
problem.  In  pans  were  the  conductive  filler  is  not  stable  the 
increase  in  resistivity  is  explained  by  the  non-stability  of  the 
filler. 


BATTERY  PERFORMANCE 

The  quasi  design  allowed  JCBGI  to  cycle  numerous  400 
volt  bipolar  battery  strings.  This  afforded  invaluable 
experience  and  information  regarding  packaging,  charging,  and 
safe  handling  of  high  voltage  strings.  The  430  OCV  strings 
were  packaged  in  a  monoblock  container(12"xl8"x25")  of  ten 
twenty  cell  batteries  in  series.  The  same  substrate  and 
packaging  design  has  demonstrated  over  100  constant  power 
cycles  at  two  independent  locations.  Also,  the  quasi  design  has 
demonstrated  higher  than  1 .7  kW/kg  in  pulse  power,  laboratory 
testing  at  JCBGI. 

A  bipolar  design  at  JCBGI  has  demonstrated  over  4000+ 
cycles  as  well  as  3+  amps/in^  cold  crank  capability.  A 
composite  battery  has  demonstrated  over  150,  100%  DOD 
cycles  and  2.5+  amps/in^  cold  crank  capability.  To  date  no 
evidence  of  substrate  failure  has  been  found  during  post 
mortem  analysis.  Conductivity  tests  of  substrates  before  and 
after  extended  cycling  have  displayed  no  increase  in  resistivity. 
The  initial  battery  testing  has  clearly  shown  diat  die  substrate  is 
performing  as  designed  and  is  able  to  withstand  the  rigors  of 
the  lead/acid  system. 


PERFORMANCE  PROJECTIONS 


Performance  projections  for  the  composite  and  actual  test 
data  from  quasi  battery  can  be  found  in  the  ragone  plot  in 
Figure  5.  The  projections  for  the  substrate  were  conservative 
and  assumed  conventional  active  materials. 


Figure  S 
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The  following  table  compares  the  physical  characteristics 
of  the  composite,  quasi  and  Pb  sheet  bipolar  substrate 
materials. 


Bipolar  Technology  Comparison 


Pb 

Quail 

Comoolile 

Renttivity 

(0<m) 

lO* 

10 

2 

Sttbitnte 

HttckneM 

(mill) 

15 

20 

15 

Subfile 

AieaDcniity 

(fflg/cm*) 

4.50 

225 

130 

Fiiluie 

Model 

Conmion 

CotroMon 

None 

The  composite  substrate  has  a  clear  advantage  over  the 
Pb  sheet  materials  in  weight  and  but  not  in  resistivity. 
However,  computer  simulations  have  shown  that  battery 
perfoimance  is  not  extremely  sensitive  to  substrate  resistivity 
for  most  applications.  As  the  resistivity  of  the  substrate 
approaches  2  Q-cm  and  lower,  the  change  in  battery 
performance  at  rates  as  high  as  2  amp/cm^  is  negligible. 

The  composite  substrate  offers  a  funher  advantage  over 
the  Pb  based  materials.  The  substrate  can  be  specifically 
tailored  in  composition  for  an  individual  application.  Various 
items  can  be  modified  including  resin,  loading  level  of 
conductive  filler,  and  thickness  which  would  obviously  change 
physical  characteristics  of  the  substrate.  For  instance,  for  a 
lower  rate,  energy  rich  application  such  as  an  EV,  the  loading 
level  of  the  conductive  filler  can  be  lowered  to  afford  a 
substrate  better  suited  for  this  application.  The  loading  level 
could  be  changed  to  70%  by  weight,  which  would  result  in  a 
resistivity  of  10  Q-cm,  and  an  area  density  of  90  mg/cm^.  The 
higher  resistivity  would  not  dramatically  effect  battery 
perfonnance.  Also,  reducing  the  weight  of  the  substrate  would 
improve  specific  energy  of  the  battery  system.  For  higher 
power  applications,  the  loading  level  can  be  increased  to 
decrease  the  voltage  drop  across  the  substrate  by  making  it 
more  conductive. 


Using  the  JCBGI  Lead  Acid  Battery  Mathematical 
Model  perfonnance  projections  can  be  made  for  a  conqiosite 
bipolar  battery  system.  Conservative  assunqKions  were  made 
including  0.01  S”  substrate  thickness,  2  0-cm  resistivity, 
substrate  density  of  ISO  mg/cm’,  and  conventional  active 
materials  performing  at  30  ah/#PAM.  The  following  table 
shows  projections  for  the  composite  bipolar  battery  and  actual 
test  results  for  for  the  quasi  design.  The  energy  values  are 
based  on  the  SPUDS  profile  and  power  levels  are  determined  at 
80%DOD. 


JCBGI  Bipolar  Battery  Status 


Quail 

Compoiiie 

Power  DciuiKy  (W/L) 

946 

1350 

Specific  Power  (WAg) 

3.30 

510 

Efkergy  Deniity  (WH/L) 

122 

133 

Specific  Energy  (WH/kg) 

38 

50 

SUMMARY 

The  Bipolar  Lead/Acid  battery  currently  under 
development  at  JCBGI  shows  great  promise.  While  the  quasi 
b^lar  design  allowed  bipolar  banery  technology  to  move  past 
many  technological  hurdles  the  real  future  of  the  battery  lies 
with  the  composite  substrate.  A  composite  bipolar  lead/acid 
battery  has  been  projected  to  provide  specific  energy  levels  of 
50  WH/kg  and  specific  power  levels  of  2.5+  kW/kg.  Also, 
the  composite  design  provides  a  lightweight,  conductive 
intercell  connection  which  allows  for  inexpensive  and  reliable 
cell  to  cell  sealing  methods.  Initial  market  targets  have 
included  many  government  applications  such  as  the  More 
Electric  Aircraft  for  WPAFB,  various  DoD  applications,  and 
Electrical  Launch  Actuators  for  NASA.  Other  applications 
include  automobile  batteries,  emergency  power  systems,  and 
electric  and  hybrid  electric  vehicles. 
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A  New  High  Rate,  Pulse  Power,  Sealed  Lead-Acid  Battery 
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Bolder  Technologies  Corporation.,  SI 81  Ward  Road,  Wheat  Ridge,  CO  80033 

Abstract 


A  new  approach  to  the  design  of  lead  acid 
batteries  has  been  developed  based  on  the  use  of 
very  thin  lead  foil  current  collectors  and  very  high 
current  carrying  capacity.  The  basic  cell 
construction  and  the  performance  characteristics  for 
the  new  cell  are  described.  Spiral  wrap  cells  based 
on  this  electrode  concept  exhibit  extremely  high 
power  output  with  excellent  capacity  maintenance. 
Additionally,  these  cells  exhibit  flat  voltage  at  all 
currents,  and  are  capable  of  very  rapid  recharge. 
Applications  for  this  high  power  technology  cover  a 
broad  spectrum  such  as  portable  power  tools,  UPS 
systems,  electrically  heated  catalytic  converters, 
military  pulse  power  applications,  engine  starting 
and  electric  and  hybrid  vehicles. 

Basic  Cell  Construction 

The  Thin  Metal  Film  (TMF™)  battery 
technology  (1,  2,  3,  4)  has  been  developed  at  Bolder 
Technologies.  The  concept  represents  a 
straightforward  extrapolation  of  conventional  lead 
acid  technology  into  a  new  non-conventional 
configuration.  The  original  developers  of  the  sealed 
lead  acid  gas-recombinant  battery  technology  used 
thick  perforated  electrodes  and  single  point  current 
collection  (5,  6).  This  introduced  inefficiency  in  the 
operation  of  the  cell.  The  basic  element  of  the 


present  development  consists  of  a  thin  0.003"  layer 
of  active  mass  placed  on  both  sides  of  a  solid  0.002" 
lead  foil.  The  negative  and  positive  active  masses 
have  different  formulations  typical  of  the  industry. 
The  active  masses  are  coated  onto  the  lead  foil  so 
as  to  leave  a  thin  strip  of  uncoated  foil  along  one 
edge.  The  uncoated  area  forms  the  contact  to  the  cell 
terminal.  This  design  produces  a  16-19  times 
increase  in  the  ratio  of  plate  surface  area  to  active 
material,  and  a  20-80  times  decrease  in  the  path 
length  of  the  electron  flow,  when  compared  to 
conventional  flooded  and  sealed  lead  acid  batteries. 
Figure  1  depicts  a  cross-section  of  a  typical  cell.  The 
positive  and  negative  elements  are  wound  together 
in  a  spiral  wrap  configuration  with  a  thin  (0.008") 
glass  fiber  bibulous  separator.  The  cell  is  wound  in  a 
manner  to  permit  the  uncoated  strip  on  the  lead  foil 
collector  of  each  element  to  protrude  slightly  from 
the  end  of  the  wound  cell.  Thus,  uncoated  areas  of 
each  plate  polarity  protrude  from  opposite  sides  of 
the  wound  cell,  similar  to  capacitor  designs.  The 
lead  terminals  are  cast  onto  the  full  length  of  the 
exposed  ends  of  the  spiral  wrap  cell.  The  casting 
serves  as  a  seal,  current  collector,  and  manifold  for 
electrolyte  distribution.  The  cell  design  incorporates 
a  low  pressure  vent  (about  20  psi)  into  the  case.  Ihe 
assembly  is  then  ultrasonically  sealed  into  an  ABS 
housing  and  vacuum  filled  with  electrolyte. 


lOKT 


Figure  1 .  Schematic  Cross-Section  of  the  TMF™  Cell. 
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The  TMF™  cell  has  excellent  discharge 
characteristics.  Discharge  tests  of  a  I.S  Ah  cell  at 
one,  ten  and  thirty  amps  yield  very  flat  discharge 
voltages,  even  at  the  30  amp  discharge  rate.  The 
voltage  is  above  2.0  volts  for  over  50%  of  the 
discharge  on  all  three  tests.  The  cells  yield  over  75% 
of  the  low  current  capacity  at  the  thirty  amp  rate  to  a 
1 .5  volt  cut-off. 

The  use  of  opposite  end  current  collection 
produces  a  uniform  current  distribution  over  the 
electrode  surface.  The  cast-on  cell  terminal  contacts 
the  full  length  of  the  current  collector.  These  two 
key  construction  features  provide  a  constant  low 
resistance  path  for  current  flow  across  the  full 
electrode  surface,  combining  to  minimize  ceil 
polarization  and  increase  the  operating  voltage  of 
the  cell.  In  addition,  the  low  current  density  and  the 
thin  layers  of  active  mass  result  in  high  efficiency  of 
utilization  of  the  active  materials  in  the  cell, 
producing  excellent  cycle  life  characteristics  of  over 
300  deep  discharges  and  over  15,000  shallow 
discharges. 


The  excellent  high  power  capability  of  the  cell 
follows  directly  from  the  cell  design  and  the 
characteristics  of  lead  acid  chemistry.  The  use  of 
thin  metal  foil  current  collectors  and  thin  layers  of 
active  mass  results  in  high  surface  area  electrodes. 
This  translates  in  the  cell  to  a  low  current  density 
for  a  given  current  flow.  For  instance,  at  a 
discharge  current  of  30  amps,  the  current  density  on 
the  electrode  surface  is  about  50  mA/cm^.  The  large 
plate  area  also  reduces  the  internal  impedance  of  the 
cell,  which  is  evident  in  the  recharge  characteristics 
as  well  as  the  discharge. 

The  cell  can  be  recharged  by  any  of  several 
regimes,  including  constant  voltage,  constant 
current  and  constant  voltage  with  a  current  limit. 
Figure  2  depicts  a  typical  constant  voltage  recharge 
of  a  1 .2  Ah  cell  with  a  voltage  setting  of  2.65  volts 
on  the  charger.  A  full  recharge  is  accomplished  in 
less  than  7  minutes  and  the  cell  is  80%  recharged  in 
less  than  3  minutes.  The  ability  of  the  TMF™  cell  to 
accept  current  at  very  high  rates  allows  flexibility  in 
applications  requiring  high  current  discharges 
followed  by  rapid  recharge. 


Figure  2.  Constant  Voltage  Recharging  of  a  1 .2  Ah  Sub  C  TMF  Cell. 


Applications 


Figure  3  illustrates  the  superior  discharge 
profile  and  voltage  maintenance  of  this  new  battery. 
The  pulse  discharges  are  modeled  after  the  current 
profile  of  an  electric  drill  using  a  3/4  in.  auger  bit  in 
a  2  in.  thick  redwood  board.  The  constant  current 
load  is  applied  with  a  4  sec.  "off'  and  5  sec.  "on" 
time  duty  cycle.  The  "on"  time  is  lengthened  as  the 
voltage  falls  off  to  maintain  a  constant  energy  input. 
Figure  4  shows  the  same  discharge  profile  for  a 
standard  Ni/Cd  pack  on  the  same  discharge  regime. 
The  TMF™  cell  gave  42  pulses  while  the  Ni/Cd 
battery  gave  32  pulses  on  the  same  test. 


A  demonstration  of  the  high  power  capability  of 
the  cell  is  shown  in  Figure  5.  The  peak  power 
performance  was  determined  as  a  function  of  depth 
of  discharge  according  to  the  US  ABC  procedure  (7). 
The  cell  delivers  peak  power  of  at  least  800  W/kg 
for  over  70%  of  its  discharge  and  gives  over  400 
W/kg  after  delivering  90%  of  its  useful  life.  This  is 
significantly  higher  performance  than  any  other 
known  battery  system  now  under  development.  The 
comparative  data  in  Figure  10  were  taken  from 
published  reports  (8, 9). 
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Figure  4.  Pulse  Discharge  of  a  12  Volt  Standard  Ni/Cd  Cg  Battery  Pack  on  a  Simulated  Electric  Drill 
Application. 
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PEAK  POWER.  W/kg 


Figure  5.  Peak  Power  Capability  of  the  TMF™  Cell.  The  Peak  Power  Capabilities  of  Other  Systems  Now 
Under  Development  Are  Shown  For  Comparison  (8, 9). 


Summary 

Currently,  Bolder  Technologies  Corporation  is 
producing  the  Thin  Metal  Film  technology  in  a  1.2  - 
1.5  Ah  cell.  The  basic  technology  is  scalable  to  both 
smaller  and  larger  cell  sizes  with  similar 
performance  characteristics.  Development  work  is 
now  underway  to  produce  TMF™  cells  in  the  10  - 
30  Ah  range  for  applications  requiring  higher 
capacity  unit  cells. 
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Introduction 

The  obtaining  of  systems  assuring  high  ion  mobility 
and  at  the  same  time  exhibiting  good  mechanical  properties 
under  the  working  conditions  of  electrochemical  devices  is 
one  of  the  basic  problems  in  the  synthesis  of  solid  polymeric 
electrolytes.  Two  basic  directions  can  be  distinguished  in  the 
current  studies  in  this  field.  The  first  one  is  the  synthesis  of 
materials  capable  of  stable  work  at  70  -  120  °C,  such  as 
poly(ethylene  oxide)  blends  or  crosslinked  polymeric 
matrixes  containir^  polyether  segments.  The  secorvl 
direction  of  work  leads  to  the  obtaining  of  materials 
exhibiting  high  conductivity  at  ambient  and  subambient 
ternperature.  Conductivities  of  the  order  of  magnitude  of 
10-3  - 10*5  S/cm  has  been  the  goal. 

Most  of  the  recent  studies  in  this  latter  field  have 
dealt  with  polymer  gel  electrolytes  comprising  spatial 
macromolecular  networks,  salts  and  organic  solvents. 
They  are  colloidal  systems,  in  which  the  organic  solvent 
constitutes  70  -  80  wt.  %.  In  a  macroscopic  scale  the  gel 
behaves  like  a  solid  in  which  the  three-dimensional  network 
participates  in  the  deformation  process.  However,  in  a 
microscopic  scale  in  which  ion  diffusion  processes  are 
considered,  the  gel  is  a  liquid. 


The  spatial  structure  may  result  from  specific 
interactions  between  the  linear  polymers  chains,  e.g.  by  the 
formation  of  hydrogen  bonds  or  micro  crystals.  However, 
most  often  it  is  formed  in  a  chemical  reaction  comprising 
multifunctional  monomers  or  polymer  grafting  by  high  energy 
radiation.  These  processes  are  difficult  to  control  and 
therefore  it  seems  worthwhile  to  evaluate  effective  methods 
pemnitting  the  obtaining  of  gels  in  two-step  processes.  First 
linear  polymers  would  be  obtained,  which  then  would  be 
crosslinked  as  a  result  of  chain  polymerization.  Such  a 
situation  is  possible  when  the  monomers  used  contain 
functional  groups  capable  of  polymerization  according  to 
different  mechanisms  or  when  the  group  capable  of 
crosslinking  is  introduced  to  the  system  by  the  reaction  of 
the  previously  obtained  linear  polymer.  Two  examples  of 
such  a  strategy  are  presented  in  this  work.  The  first  one 
concerns  the  free  radical  polymerization  of  glycidyl 
methacrylate  (GM)  in  a  propylene  carbonate  and  LiCI04 
medium  and  crosslinked  by  cationic  polymerization  of  the 
oxirane  ring. 
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The  second  method  consists  in  the  synthesis  of  mono 
conducting  gels  obtairted  in  the  maleic  anhydride  copolymer 
with  poly(ethylene  oxide)  glycol  derivatives  terminated  by  an 
allyl  group. 
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Experimental  Procedures 


Materials 

Monomers,  allyl  alcohol,  DMSO,  propylene  carbonate 
and  benzoyl  peroxide  (raag^  grade)  were  purified  by 
distillation.  LiCI04  (Aldrich)  was  dried  under  vacuum  for  24  h 
at  125  °C.  BF3  etherate  (Aldrich)  was  dissolved  in  propylene 
carbonate  to  form  a  20  wt.  %  solution.  n-6utyllithium  in 
hexane  (15  wt.  %,  Merck-Schuchard)  was  used  as  received. 
An  alternating  copolymer  of  maleic  anhydride  and  styrene 
was  obtained  by  free  radical  copolymerization  in  toluene. 
The  poly(ethylene  oxide)  glycols  terminated  by  an  allyl  group 
were  obtained  by  anionic  polymerization  of  ethylene  oxide 
initiated  by  NaOH  in  allyl  alcohol  according  to  the  general 
method  described  elsewhere.^  The  average  degree  of 
polymerization  was  determined  by  means  of 
spectroscopy. 


Gel  Preparation 

Method  A:  Acrylic  monomers  (~0.3g),  LiCI04,  propylene 
carbonate  and  benzoyl  peroxide  (0.01  g)  were  placed  under 
nitoogen  in  glass  pressure  ampoules  and  heated  at  70  for 
3  h.  The  ampoule  was  then  cooled  to  -78  and  BF3 
etherate  (0.5  wt.  %  with  respect  to  glycidyl  methacrylate  ) 
was  added.  In  some  experiments  additionally  10  cm^  of 
acrylonitrile  was  added  and  after  about  30  secorxls  the 
reaction  mixture  was  poured  onto  Teflon  plates,  which 
enabled  the  obtaining  of  films.  In  the  ofoer  cases  foe  gels 
obtained  were  pressed  to  films  between  electrodes. 

Method  B:  Maleic  anhydride-styrene  copolymer  (0.5  g)  was 
dissolved  in  15  cm^  of  DMSO.  The  solution  obtained  was 
added  dropwise  to  an  equimolar  amount  of  poly(efoylene 
glycol)  allyl  monoether  alcoholate  obtained  from  ally!  ether 

229 


BPO  •  iMfcoyt  ptfOKldB 


and  n-butyllithium.  A  detennined  amount  of  propylene 
carbonate  arKi  1  wt.  %  of  a  free  r^ical  initiator  or  photo 
initiator  were  added  to  the  salt  obtained.  A  thin  layer  of  the 
solution  was  obtained  and  the  excess  of  solvents  was 
removed  in  vacuo  at  60  -  90  °C.  The  gels  were  obtained  in 
the  form  of  a  film. 

Metfrod  C:  The  solution  of  the  lithium  salt  obtained  as 
described  above  was  poured  onto  acidified  water.  The 
polymer  precipitated  was  filtered  off  and  purified  by 
dissolution  onto  water  and  dried  in  vacuo  for  48  h.  0.2  g  of 
the  obtained  acidic  form  of  the  copolymer  semiester  was 
dissolved  in  3  cm^  of  absolute  methanol  and  converted  into 
a  salt  by  droppir^  in  a  n-butyl  solution.  Next,  a  required 
amount  of  organic  solvents  and  initiator  were  added,  a  thin 
layer  was  poured  out  and  methanol  was  removed.  Gels  were 
obtained  by  thermal  crosslinking  at  70  ®C  for  ~1  h  or  by 
means  of  UV  radiation. 

Conductivity  Measurements 

AC  impedance  analysis  was  used  to  determine  the 
bulk  conductivity  of  gels.  Measurements  were  performed  in 
the  frequency  range  from  5  Hz  to  500  kHz  applying  stainless 
steel  blocking  electrodes.  The  sample  holder  was  placed  in 
an  evacuated  glass  vessel  and  vacuum  pumped  for  two 
hours  prior  to  measurements.  The  electrode  area  was  equal 
to  1.5  cm2  and  the  sample  thickrwss  0.5  -  1  mm.  The 
samples  were  kept  for  0.5  h  at  each  experiment  temperature 
and  was  maintained  within  ±0.1  oc. 


Results  and  Discussion 

Gel  electrolytes  based  on  olvcidvl  methacrylate  cooolvmers 

The  homopolymerization  of  glycidyl  methacrylate  and 
its  copolymerization  with  styrene  or  acrylic  monomers 
(presented  in  Table  1)  carried  out  in  propylene  carbonate  at 
70  OC  at  a  70  -  80  wt.  %  of  the  solvent  in  the  presence  of  0.5 
wt.  %  of  benzoyl  peroxide  with  respect  to  the  monomers  is 
completed  after  about  2  hours. 

Table  1.  Conductivity  of  Gels  Based  on  Glycidyl 
Methacrylate  (GMA)  Copolymers  with  Monomers  of  Various 
Polarity®. 


Comonomer 

GMA 

contribution 
in  copolymer 
mol  % 

ORT 
at  298  K 

S/cm 

Ea 

kJ/mol 

Methyl  acrylate 

50 

2.0x10-3 

22.1 

Butyl  acrylate 

50 

2.2x10-3 

18.4 

50^ 

1.8x10-^ 

31.8 

Methyl  methacrylate 

30 

2.1x10-3 

17.1 

Acrylamide 

50 

3.5x10-3 

VTF 

Acrylonitrile 

50 

2.2x10-3 

VTF 

Styrene 

60 

1.8x10-3 

17.6 

Poly(ethylene 

55 

1.9x10-3 

glycol)  diglycidyl 
ether  _ 


®  LiCI04;  8  wt.  %;  propylene  carbonate;  80  wt.  %; 
crosslinking  agent;  BF3  etherate  (0.1  wt.  %)  (20  %  solution 
in  propylene  carbonate). 

^  Propylene  carbonate;  70  wt.  %. 


The  crosslinking  by  means  of  BF3  etherate  was 
carried  out  for  1 5  minutes  and  IR  studies  of  the  gel  obtained 
indicate  that  all  the  oxirane  rings  are  practically  consumed 
both  in  the  reactions  proceedirtg  at  room  temperature  and  at 
-780C. 

Attempts  to  obtain  stable  gels  with  glycidyl 
methacrylate  homopolymers  failed  and  the  polymer  formed 
precipitated  in  the  form  of  a  white  solid.  The  reason  for  this 
is  the  too  high  crosslinking  density  and  thus  too  short 
network  segments  to  successfully  b<^  the  solution  of  the 
salt  and  assure  elasticity  of  the  system.  Stable  gels  may  be 
obtained  when  the  glycidyl  methacrylate  morKxneric  units 
concentration  in  the  polymer  chain  ranges  between  15  to  60 
mol  %.  Due  to  the  high  reactivity  of  glycidyl  methacrylate  in 
free  radical  polymerization,  compounds  of  high  parameter  Q 
values,  such  as  acrylic  acid  and  methacrylic  acid  derivatives 
or  styrene,  should  be  used  as  comonomers  decreasir^  the 
epoxide  groups  concentration.  In  Table  1  are  presented 
exemplary  ambient  temperature  conductivity  (ort)  values  of 
gels  thus  obtained.  At  a  solvent  content  of  80  wt.  %  the  opy 
values  exceed  10*^  S/cm.  The  kind  of  comonomer  used  has 
no  essential  effect  on  the  conductivity.  The  highest 
conductivity  values  were  obtained  for  systems  with 
acrylamide,  which  may  result  from  the  strongly  polar 
properties  of  the  amide  group.  The  lowest  conductivity 
values  were  obtained,  however,  for  systems  with  the  least 
polar  comonomer,  i.e.  styrene.  Gels  containing  80  wt.  %  of 
propylene  carbonate  exhibit  at  0  ®C  a  conductivity  of  '-1x10' 
3  S/cm,  at  -30®  that  of  above  10"^  S/cm,  and  at  -50°  that  of 
above  10*5  s/cm. 


The  conductivity  data  for  several  electrolytes  based 
on  maleic  anhydride  copolymers  are  presented  in  Table  3. 
The  highest  ambient  temperature  conductivities  of  above 


The  temperature  dependence  of  conductivity  in  the  20 
-  80  ®C  range  can  be  analyzed  according  to  the  Arrhenius 
plot  (Table  1).  It  can  be  noticed  that  for  most  of  the  samples 
of  high  propylene  carbonate  content,  the  activation  energy 
(Ea)  reaches  values  in  the  17  -  22  kJ/mol  range.  These 
values  are  very  close  to  those  reported  for  LiCI04  solutions 
in  propylene  carbonate  (e.g.  -IS  kJ/mol  for  the  optimum  salt 
concentration  at  15  °C).  Only  in  some  systems  with 
acrylamide  and  acrylonitrile  (Figure  1)  the  conductivity  data 
are  best  analyzed  using  the  Vogel  -  Tamman  -  Fulcher 
(VTF)  equation;  a  =  Ooxexp(-B/T-To),  virhere  the  pre 
exponential  factor  Og  proportional  to  the  activation  energy 
and  Tg  denotes  the  thermodynamic  glass  transition 
temperature.  As  can  be  seen  from  Table  2,  the  Tg  values 
calculated  from  this  equation  ate  very  close  to  the  Tg  value 
determined  by  means  of  DSC.  Thus,  the  systems  studied  do 
not  conform  to  the  Addams-Gibbs^  configurational  entropy 
model  developed  for  solid  systems  in  which  Tg  is 
theoretically  predicted  to  be  50K  lower  than  Tg.  This 
suggests  that  in  gel  systems  of  high  solvent  content  tnere  is 
no  direct  relation  between  the  ionic  mobility  and  the  motion 
of  polymer  network,  as  predicted  by  the  free  volume  and 
configurational  entropy  theories,  but  in  some  systems  the 
chain  movements  may  affect  the  ion  transportation.  The 
values  of  the  pseudo  activation  energy  (B)  calculated  for 
these  systems  are  two  -  three  times  lower  than  those 
reported  for  solid  polymeric  electrolytes,  e.g.  ref.  DTG 
studies  show  that  the  mass  loss  up  to  about  60  °C  does  not 
exceed  1.2  % 
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Figure  1 .  Log  corKluctivity  -  redprocal  temperatures  p!ots  for 
gel  electrolytes  based  on  glycidyl  methacrylate  copolymers 
with  (•)  acrylonitrile  and  (o)  acrylamide.  Full  lines  denote 
theoretical  curves  for  the  VTF  equation  with  parameters 
given  in  Table  2. 


Table  2.  VTF  Fit  Data  and  Tg  Values  for  Gel  Electrolytes 
Based  on  Glycidyl  Methacrylate  with  Acrylonitrile  (AN)  and 
Acrylamide  (M). 


Comonomer 

Temp. 

range 

K 

A 

SKOW 

B 

K-1 

To 

K 

To 

K 

AN 

243- 

369 

1.25 

435 

176 

181 

AA 

291- 

365 

1.92 

392 

186 

188 

are  probably  dealing  here  with  a  typical  for  electrolyte 
chemistry  establishirtg  of  a  certain  optimal  concentration, 
determined  by  a  change  in  the  amount  and  mobility  of 
charge  carriers  with  dilution  of  the  system. 

The  temperature  dependence  of  conductivity  for  a 
majority  of  systems  fulfills  the  Arrhenius  equation  and  the 
activation  energies  determined  are  of  the  22  -  45  kJ/mol 
range. 


Table  3.  Conductivity  of  Maleic  Anhydride  Copolymers 
Based  Electrolytes. 


n® 

Method 

of 

synth. 

Plasticizer 

Li 

cont. 

in 

polym. 
wt  % 

Ionic  conductivity 

DMSO 
wt.  % 

PC 

wt.% 

250c 

S/cm 

50OC 

S/cm 

0 

C 

0 

80 

9.010-6 

2.2  10-5 

C 

30 

50 

2.2  10-5 

4.9  10-5 

C 

40 

40 

1.810-5 

7.2  10-5 

3 

B 

10 

. 

1.76 

1.0  10-4 

2.910-4 

B 

17 

- 

1.76 

2.410-^ 

1.010-3 

B 

20 

20 

1.76 

7.7  10-4 

1.910-3 

B 

21 

42 

1.76 

8.1  10-4 

2.1  10-3 

C 

0 

80 

1.76 

1.610-5 

2.7  10-5 

C 

20 

25 

1.76 

7.810-4 

1.910-3 

C 

20 

40 

1.76 

8  0  10-4 

2.1  10-3 

C 

50 

20 

1.76 

2.1  10-4 

6 

B 

20 

- 

1.32 

2.210-5 

8.1  10-5 

B 

24 

. 

1.32 

4.8  10-5 

7.8  10-5 

B 

28 

- 

1.32 

6.1-10-5 

1.310-4 

7 

B 

50 

. 

1.27 

8.610-5 

2.7  10-4 

B 

22 

53 

1.27 

1.1  10-4 

2.2  10-4 

9 

B 

20 

. 

1.06 

7.310-6 

3.9  10-5 

B 

27 

1.06 

2.7  10-5 

1.1  10-4 

10"^  S/cm  are  obtained  for  electrolytes  containing  three 
oxyethylene  units.  The  clearly  higher  conductivity  values  of 
these  systems  than  of  those  where  n  =  0  indicate  that  the 
presence  of  OCH2CH2  units  in  the  side  chain  has  an 
essential  effect  on  the  conducting  properties  of  the  gel. 
Probably  even  in  the  presence  of  the  solvents  the  possibility 
of  internal  coordination  of  lithium  ions  has  a  significant  effect 
on  the  charge  carriers  mobility  and  salt  dissociation 
constant.  The  conductivity  decreases  with  elongation  of  the 
oxyethylene  chain  as  a  result  of  a  decrease  in  the  charge 
carrier  concentration. 

Propylene  carbonate  and  dimethylsulfoxide  (DMSO) 
were  used  as  active  solvents  of  the  gels.  They  constitute  20 
-  80  wt.  %  of  the  gel.  Phase  separation  of  the  gel  and  solvent 
occurred  at  higher  solvent  content.  Higher  conductivity 
values  are  assured  when  using  a  solvent  mixture  than  in  the 
case  of  using  systems  with  one  solvent.  Systems  containing 
20  wt.  %  of  DMSO  and  20  -  25  wt.  %  of  propylene  carbonate 
seem  to  be  most  favorable  from  the  point  of  view  of 
conductivity  and  mechanical  properties.  A  further  increase  in 
the  propylene  carbonate  content  to  about  40  wt.  %  causes 
only  a  slight  increase  in  the  conductivity  of  the  system,  the 
use  of  an  excess  of  DMSO  causes  a  worsening  of  both  the 
mechanical  properties  and  conductivity  of  the  system.  We 


®  number  of  OCH2CH2  monomeric  units. 

For  the  electrolyte  of  n  =  3  containing  20  wt%  of 
DMSO  and  20  wt%  of  propylene  carbonate,  investigations 
were  carried  out  on  its  stability  in  the  presence  of  a  lithium 
electrode.  We  have  examined  this  problem  using  a.c. 
impedance  spectroscopy  of  the  system  comprising  a  gelled 
electrolyte  sandwiched  between  two  identical  lithium  metal 
electrodes. 

The  ionic  conductivity  of  the  sample  studied  was 
8.02  lO'^  S/cm  at  250C  and  1.78  10'3  S/cm  at  50°C  giving 
respective  values  in  relation  to  the  conductivities  of  the 
corresponding  system  of  blocking  electrodes  (7.7  lO'^  S/cm 
and  1.9-10'3  S/cm,  respectively). 

In  Figure  2  are  presented  impedance  diagrams  for  a 
symmetrical  Li  PGE  Li  cell  at  40  OC.  One  can  easily  identify 
two  intercepts  on  the  real  axis.  The  first  one  at  high 
frequencies  may  be  attributed  to  the  electrolyte  resistance 
(Rg),  and  the  second  one  at  lower  frequencies  to  the 
resistance  of  the  electrode  -  electrolyte  interface  (Rj).  From 
this  figure  it  appears  that  the  resistance  of  the  interface  (Ri) 
increases  slightly  with  time,  indicating  a  relatively  slow  (but 
essential)  growth  of  a  resistive  layer  at  the  interface. 
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Figure  2.  Impedance  diagram  for  a  symmetrical  Li  PGE  Li 
cell  at  40OC;  a  -  after  24h.  b  -  48h.  c  -  72h. 

Since  the  electrolytes  were  obtained  under  carefully 
controlled  water-free  conditions,  the  small  passivation  layer 
at  the  interface  cannot  be  simply  related  to  residual  water 
and  formation  of  an  oxide  layer.  It  seems  that  the  effect 
observed  results  mainly  from  a  direct  reaction  between  the 
lithium  anode  and  the  electrolyte  (especially  the  plasticizers: 
propylene  carbonate  and  DMSO).  Considering  the  lithium 
passivation  processes  observed  in  liquid  organic  electrolyte 
systems,  one  cannot  exclude  that  both  plasticizers  undergo 
partial  conversion  to  side  products  in  the  presence  of  lithium, 
which  form  the  passivation  layer  observed.  The  results 
obtained  let  us  suppose  that  the  lithium  electrode  -  PGE 
interface  is  affected  by  passivation  phenomena  similar  to 
those  observed  in  typical  liquid  organic  electrolytes. 
Therefore,  the  selection  of  an  appropriate  system  of  organic 
solvents  considering  their  stability  towards  a  lithium 
electrode  seems  to  be  an  important  task  in  further  work,  our 
present  studies  are  devoted  to  the  replacement  of  DMSO  by 
other  organosulfur  compounds,  and  of  propylene  carbonate 
by  polyethers. 

It  should  be  stressed  that  stable  gels  based  on  maleic 
anhydride  copolymers  may  be  obtained  also  when  using 
other  crosslinking  groups  in  side  chains  of  ester  groups,  or 
adding  multi-functional  allyl  monomers  during  crosslinking.  A 
gel  of  this  type  checked  by  us  is  presented  below: 


L  ^ 

- CH— CH  — CH2— CH-^ 

(  1 

L  9 

- CH— CH  — CHj — CH 

1  1 

0=C  CCOCHjCHjkOCHs 

1  1 

0=C  COCrCHjOCHjCH = CHj)j 

dll  0 

9 

14.5vm.H  22v»».% 


♦  C<CH30CH2CH  =  CH2)4  +  DMSO  +  PC 

OSyUK  19wt%  64wt« 


CotTdusions 

Polymeric  gels  based  on  glycidyl  methacrylate 
prepared  by  the  step  procedure  exhibit  one  of  the  highest 
conductivity  values  at  ambient  and  subambient  temperatures 
from  among  the  polymeric  electrolyte  described  hitherto. 
They  can  be  considered  as  eventual  substitutes  of  liquid 
electrolytes  containing  propylene  carbonate  and  lithium 
salts. 

Monoconducting  gel  electrolytes  based  on  maleic 
anhydride  copolymers  are  a  novel  and  original  system, 
which  seems  to  be  vary  attractive  due  to  the  low  cost  of  the 
starting  materials.  Although  the  procedure  of  their  synthesis 
is  far  from  being  optimized,  the  initial  ambient  temperature 
conductivity  values  in  the  10~^  -  10*^  S/cm  range  and  low 
activation  energies  seem  to  be  promising. 
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This  gel  exhibits  a  conductivity  of  7x10"^  S/cm  at 
250C  and  activation  energy  of  17  kJ/mol. 
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In  this  work  we  report  the  results  of  a  systematic 
investigation  on  the  electrochemical  propeties  of  various 
highly  conducting,  gel-type,  polymer  electrolytes  of  interest 
for  the  development  of  thin-layer  lithium  batteries.  In 
particular,  the  properties  and  the  practical  prospects  of 
electrolyte  membranes  obtained  by  immoblizing  liquid 
organic  solutions  of  lithium  salts  in  poly{acrylonitrile)  and 
poly(methylmethacrylate)  polymer  matrices,  are  illustrated 
and  discussed. 

ipiadufitigD 

Many  types  of  ionically  conducting  polymers  have 
been  developed  and  characterized  in  the  most  recent 
years'*  .  Special  interest  is  today  focused  on  polymer 
membranes  having  fast  lithium  ion  transport  at  ambient 
and  subambient  temperatures  since  they  may  be  exploited 
as  low-resistance  separators  for  the  fabrication  of  high- 
power,  versatile,  advanced  batteries.  Various  innovative 
structures  and  configurations  have  been  considered  for  the 
development  of  such  highly  conductive  membranes. 
Generally,  the  most  common  concept  has  been  that  of 
trapping  liquid  solutons  into  polymer  cages.  The 
immobilizaton  procedures  included  UV  crosslinking,  and 
gelification  and  casting.  In  this  paper  we  describe  the 
properties  and  the  applications  of  electrolyte  membranes 
obtained  by  gelification  of  organic  solutions  of  lithium  salts 
in  poly(acrylonitrile)  and  poly(methylmethacrylate)  polymer 
matrices. 

Experimental 

Various  representative  examples  of  ionically 
conducting  membranes  have  been  considered  in  this  work. 
Their  types  and  compositions  are  summarized  in  Table  1. 

Table  1 

Type  and  compostion  of  gel-type  membranes  considered 
in  this  work. 


Sample  constituents  molar  composition 

identification 

S-1 

PAN-PC/EC-LiCI04 

16-23/55.6-4.5 

S-2 

PAN-PC/EC-LiAsFe 

16-23/55.6-4.5 

S-3 

PAN-PC/EC-LiN(CF3S02)2 

16-23/55.6-4.5 

S-4 

PAN-BL-LiCI04 

16-79.5-4.5 

S-5 

PAN-BL-LiAsFe 

16-79.5-4.5 

S-6 

PAN-BL-LiN(CF3S02)2 

16-79.5-4.5 

S-7 

PMMA-PC/EC-LiCI04 

30-19/46.5-4.5 

S-8 

PMMA-PC/EC-LiAsFe 

30-19/46.5-4.5 

S-9 

PMMA-PC/EC-LiN(CF3S02)2 

30-19/46.5-4.5 

PAN=poly(acrylonitrile); 

PMMA=  poiy(methylmethacrylate); 

PC=  propylene  carbonate;  EC  =  ethylene  carbonate; 
BL  =  y-butyrolactone. 


The  preparation  of  the  membranes,  as  well  as  the 
experimental  techniques  used  for  their  characterization  , 
have  been  described  in  previous  papers  2,3  to  which  the 
reader  is  referred  for  further  details. 

Re&ult.and-discussiQO 

1. Ionic  transport  and  electrochemical  stability. 

Figures  1-3  illustrate  the  Arrhenius  plots  of  the 
various  ionic  membranes  considered  in  the  present  study. 

T  [“C] 


Figure  1 -Arrhenius  plots  of  the  conductivity  of  PAN- 
PC/EC-LiX  (samples  S-1,S-2  and  S-3)  ionic 
membranes. 

T  [“C] 
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Figure  2  -  Arrhenius  plots  of  the  conductivity  of  PAN- 
BL-LiX  (samples  S-4,S-5  and  S-6)  ionic 
membranes. 
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Figure  3-Arrhenius  plots  of  the  conductivity  of  PMMA- 
PC/EC-LiX  (samples  S-7  and  S-8  )  ionic 
membranes. 

These  plots  reveal  the  most  important  feature  of  the 
membranes  which  is  the  exceptonally  high  ionic 
conductivity  which  averages  around  10‘3  S  cm*1  at  room 
temperature,  and  S  crn'l  at  temperatures  as  low  as 
-20°C.  Such  fast  ionic  transport  is  combined  with  other  key 
features,  such  as  wide  electrochemical  stability  and  high 
lithum  transference  number.  This  is  well  illustrated  in 
Table  2  which  summarizes  the  electrochemical  properties 
of  the  various  membranes  examined  in  this  work. 


Table  2 

Electrochemical  properties  at  25  "C  of  gel-type 
membranes  considered  in  this  work. 

Sample  electrolyte  conductivity  lithium  anodic 
lO^o/cm'l  transfer  stability 
number  (V) 


S-1)PAN-PC/EC-LiCI04 

4,5 

0.5-0.6 

4.8 

S-2)PAN-PC/EC-LiAsF6 

4.6 

0.6-0.7 

45 

S-3)PAN-PC/EC-LiN(CF3S02)2 

2.0 

0.7-0.  8 

4.6 

S-4)PAN-BL-LiCI04 

4.4 

0.5-0.6 

4.9 

S-5)PAN-BL-LiAsF6 

6.0 

0.60,7 

4.6 

S-6)PAN-BL-LiN(CF3S02)2 

4,0 

0.70.8 

4.7 

S-7)PMMA-PC/EC-LiCI04 

0.7 

0.4 

4.6 

S-8)PMMA-PC/EC-LiAsF6 

0.8 

0.6 

4.8 

S-9)PMMA-PC/EC-LiN(CF3S02)2 

0.7 

4.9 

From  the  examination  of  the  data  of  Table  2  some 
importatant  considerations  may  be  outlined,  namely: 

i)  All  the  electrolytes  considered  have  comparable 
transport  and  electrochemical  properties  and  thus,  are 
interchangeable  in  terms  of  these  properties.  This  is  a  very 
important  aspect  since  it  permits  the  selection  of  a  system 
which  is  the  most  suitable  for  a  given  application. 
Furthermore,  this  strongly  suggests  that  the  list  in  Table  2  is 
far  from  being  exhaustive,  and  thus  by  chosing  the  proper 
polymer  one  may  immobilize  almost  any  desired  liquid 
electrolyte  solution. 


ii)  The  electrochemical  stability  of  the  ionic  membranes 
exceeds,  on  average,  A.SV  vs.  Li  and  this  demonstrates 
that  they  are  compatible  with  high-voltage  electrodic 
couples,  such  as  the  Li-VgOia  couple  and  the  LixCe- 
LiM02  (M=Co,  Ni,  Mn...)  couple.  This  makes  the 
membranes  suitable  for  both  lithium  metal  and  lithium  ion 
battery  fabrication. 

iii)  The  lithium  transference  number  in  the  ionic 
membranes  is,  on  average,  higher  than  that  usually 
obtained  for  the  parent  pure  liquid  solutions.  This  suggests 
that  the  role  of  the  polder  component  (PAN  or  PMMA  in 
the  case  of  this  work)  is  much  more  complex  than  that  of 
acting  as  a  porous  solid  support  for  the  liquid  solution. 
Indeed,  as  discussed  elsewhere^,  lithium-7  NMR  and 
dielectric  relaxation  studies  have  demonstrated  that  the 
polymer  component  influences  the  short-range  lithium  ion 
mobility  and  thus,  quite  likely,  also  their  transference 
number.  Therefore,  the  term  "hybrid  electrolytes"  often 
used^  to  classify  these  gel-type  ionic  membranes  is  not 
fully  appropriate.  More  representative  is,  in  our  opinion, 
the  recently  proposed^  term  gelionics. 


Stability  of  the  lithium  interface 

Detailed  investigation  based  on  cyclic  voltammetry  and 
impedance  spectroscopy  2,3,6  has  shown  that  the  lithium 
electrode  is  passivated  when  in  contact  with  gelionic 
membranes,  and  that  the  passivation  phenomena  affect  the 
electrode  cyclability.  The  extent  of  passivation  varies  from 
case  to  case  which  is  not  surprising  since  it  depends  on  the 
level  of  aggressivity  of  each  given  electrolyte  component. 


lime  [days] 

0  S.08  4  17  6  35  8,33  10.43  13.5 


Figure  4-  Time  evolution  at  25  °C  of  the  resistance  of 

the  lithium  interface  in  PAN-PC/EC-LiCI04  (sample 
S-1)and  in  PMMA-PC/EC-LiCI04  (sample  S-7) 
gelionic  membranes.  The  data  in  this  figure  have 
been  obtained  by  monitoring  the  impedance 
response  of  symmetrical  Li/  gelionic  membrane  /  Li 
cells  stored  under  open  circuit  conditions. 
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As  an  example,  Figure  4  compares  the  time  evolution  of 
the  resistance  of  the  lithium  interface  in  the  two  cases  of  a 
PAN-based  cell  and  of  a  PMMA-based  celt.  The  difference 
in  behavior  is  striking:  in  the  PAN-based  medium  the 
resistance  continuously  increases  with  a  cumulative  trend 
which  becomes  particularly  steep  aftei  prolonged  time,  and 
which  is  not  even  interrupted  by  occasional  current  drains; 
such  a  dramatic  effect  is  not  observed  in  the  PMMA-based 
medium.  The  difference  in  response  certainly  reflects 
some  major  differences  in  passivation  kinetics  and  thus,  in 
the  cyclability  of  the  lithium  electrode  in  the  two  media. 
This  is  confirmed  by  Table  3  which  lists  the  efficiency  of 
the  lithium  deposition-stripping  process  obtained  in  various 
PAN-based  and  PMMA-based  cells. 


Table  3 

Efficiency  of  the  lithium  plating-stripping  process  in 
gelionics  membrane  cells  at  25  °C.  Lithium  counter 
electrode.  Stainless-steel  substrate. 


Sample  type  of  efficiency 


electrolyte 

(%) 

S-1 

PAN-PC/£C-LiCI04 

72 

S-7 

PMMA-PC/EC-LiCI04 

89 

S-8 

PMMA-PC/EC-LiAsFe 

91 

S-9 

PMMA-PC/EC-LiN(CF3S02)2 

94 

1) 

2) 

3) 

4) 

5) 

6) 
6) 

7) 

8) 
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Again  the  data  of  this  table  lead  to  important  conclusions 
regarding  practical  application  prospects  of  the  gelionic 
membranes  considered  here,  namely: 

i) Even  for  the  most  favourable  cases,  the  values  of  the 
lithium  cycling  efficiencies  are  not  totally  acceptable  since 
they  indicate  that  a  consistent  fraction  of  lithium  is  lost 
upon  cycling.  Therefore,  the  direct  use  of  these 
membranes  as  battery  separators  would  require  large 
excess  of  lithium  to  assure  acceptable  (i.e.  greater  than 
500  deep  cycles)  life  to  the  battery. 

ii) Detailed  and  focussed  studies  should  be  carried  out  with 
the  specific  goaf  of  improving  the  stability  of  the  lithium 
interface.  One  approach  which  has  been  shovm  to  be  quite 
effective  in  poly(ethylene  oxide)  based  electrolytesT  and 
in  PAN-based  gelionics®,  may  be  that  of  dispersing 
ceramic  powders  In  the  bulk  of  the  membranes.  Obviously, 
other  routes  should  also  considered  and,  particularly, 
those  directed  towards  the  identification  of  the  most  stable 
solvent-lithium  salt-  polymer  combination. 

iii)  At  the  present  status  of  (our)  knowledge,  it  appears  that 
if  one  wishes  to  successfully  exploit  the  outstanding 
transport  and  electrochemical  properties  of  the  gelionics 
membranes,  primary  lithium  metal  batteries  or  lithium 
metal-free  batteries,  e.g.  rocking  chair  batteries,  should  be 
preferably  considered.  The  validity  of  this  conclusion  is 
presently  under  consideration  in  our  laboratory  by  the 
fabrication  and  test  of  thin-layer,  plasticlike  lithium  primary 
batteries  and  of  new-design,  lithium  ion  batteries. 
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Introduction 

Solid  polymer  electrolytes  have  attracted  a  great  deal  of  interest. 
The  major  motivation  for  this  interest  is  a  technological  application  -  re¬ 
chargeable  and  high  energy  density  power  sources.  The  research  and 
development  efforts  of  this  decade  have  contributed  significantly  toward 
the  identification  and  definition  of  issues  for  further  development  of 
solid  polymer  electrolytes.  Ambient  temperature  conductivity,  cationic 
transport  number,  electrode-electrolyte  interfacial  reactions,  lithium  re¬ 
cyclability,  and  manufacturability  constitute  the  main  issues.  These  is¬ 
sues  need  focused  attention  and  satisfactory  solutions  before  solid  state 
polymer  batteries  become  commercially  viable. 

Polymer-ceramic  composite  electrolyte  is  a  subset  of  the  general 
class  of  solid  electrolytes  and  is  continuing  to  evolve.  Only  about  a 
dozen  papers  have  been  published  on  this  topic.  Some  of  these  papers 
are  only  exploratory  in  nature.  The  purpose  of  this  paper  is  to  briefly 
review  the  literature  on  composite  electrolytes,  present  some  preliminary 
data  on  polymer-Li3N  composite  electrolyte,  and  then  assess  the  future 
potential  of  these  electrolytes. 

Previous  Work 

Weston  and  Steele'  mixed  PEO-LiClOa  polymer  complex  with 
a-alumina  powder  to  improve  the  mechanical  stability  of  these  electro¬ 
lytes.  The  mechanical  stability  improved;  however,  they  reported  no 
enhancement  in  conductivity.  Skaarup  et  al.^  investigated  electrolytes 
consisting  of  Li3N,  LiCF3S03  and  PEG  to  take  advantage  of  the  desir¬ 
able  attributes  of  inorganic  and  polymer  components  of  the  mixed  phase 
electrolyte.  They  reported  that  at  small  volume  fractions  of  polymers 
(0.05-0.10)  the  room  temperature  ionic  conductivity  was  about  a  factor 
of  1,000  larger  than  that  of  the  single  phase  polymer  and  the  activation 
energy  for  conduction  was  comparable  to  that  of  the  inorganic  phase. 
Plocharski  and  Wieczork^  investigated  PEO-Nal  polymer  mixed  with 
Na3  2Zr2Si2  2Po80|2  ceramic  powder.  They  reported  at  least  an  order 
of  magnitude  increase  in  the  conductivity  due  to  the  addition  of  the 
ceramic  powder  which  was  attributed  to  an  increase  in  the  amorphous 
phase.  Plocharski  et  al.^  studied  the  effect  of  AI2O3  and  Nasicon  addi¬ 
tions  in  PEO-Nal  polymers  on  conductivity.  The  conductivity  exceed¬ 
ing  lO"*  S  cm"’  at  room  temperature  was  reported  in  these  composite 
electrolytes.  Skaarup  et  al.^  investigated  mixed  phase  electrolyte  con¬ 
taining  lithium  sulphide  glasses  (1.2  Li2S  -  1.6  Lil  -  B2S3)  and  noncon¬ 
ducting  polyethylene.  Room  temperature  ionic  conductivities  of  these 
electrolytes  were  about  1,000  times  higher  than  that  of  PEO-based 
polymer  electrolytes.  Their  results  suggested  that  the  polymer  phase 
does  not  have  to  be  an  ionic  conducting  type  polymer  and  it  can  be  cho¬ 
sen  to  impart  superior  mechanical,  chemical,  and  thermal  properties. 
Capuano  et  al.*  reported  that  incorporation  of  y  •  AI2O3  and  LiAI02  in 
the  PEO-based  polymer  electrolyte  increases  room  temperature  conduc¬ 
tivity  by  an  order  of  magnitude.  Subsequent  work  on  these  composite 
electrolytes  by  Croce  et  al.^  reported  improved  lithium-electrolyte 
interfacial  stability.  The  conductivity  enhancement  was  also  reported  by 
Munichandraiah  et  al.^  when  zeolite  was  introduced  in  the  PEO:LiBF4 
polymer  complex.  Kumar  et  al.^  repotted  no  increase  in  the  room  tem¬ 
perature  conductivity  when  a  lithium  borosulfate  glass  was  incorporated 


in  a  PEO.'LiBFa  polymer  complex;  however,  the  charge  transfer  resis¬ 
tance  decreased  by  a  factor  of  three  due  to  a  small  addition  of  the  lithium 
borosulfate  glass.  Przyluski  et  ai."*  investigated  (PEO-NaI):Si02  com¬ 
posite  electrolytes.  These  electrolytes  possessed  about  an  order  of 
magnitude  higher  conductivity  than  that  of  the  PEO-Nal  electrolytes  at 
ambient  temperature.  The  conductivity  enhancement  was  attributed  to  a 
decreased  crystallinity  which  was  measured  by  x-ray  diffraction  tech¬ 
nique.  In  addition,  they  also  repotted  improved  mechanical  and  thermal 
stabilities  of  these  composite  electrolytes. 

It  is  interesting  to  note  that  ntost  of  the  reported  work  has 
focused  on  the  conductivity,  while  the  main  issues  in  the  development  of 
solid  polymer  electrolytes  as  pointed  out  earlier,  are  conductivity,  cat¬ 
ionic  transport  number,  lithium-electrolyte  interface  stability,  lithium  re¬ 
cyclability,  and  manufacturability. 

Experimental 

The  composite  films  were  made  using  reagent  grade 
poly(ethylene)  oxide  (PEO),  lithium  tetrafluoroborate  (LiBFa),  and  lith¬ 
ium  nitride  (Li3N).  The  PEO:LiBF4  proportion  was  used  such  that  the 
oxygen  to  lithium  ratio  was  maintained  at  8: 1 .  The  selection  of  Li3N  as 
a  ceramic  additive  to  the  PEO:LiBF4  polymer  complex  was  based  on  its 
reported  high  lithium  ion  conductivity' '  and  a  preliminary  experimental 
report  on  PEO;Li3N  composite  by  Skaarup  et  al.^  The  percentage  of 
lithium  nitride  varied  from  0  to  60%.  The  ground  mixture  of  the  raw 
materials  was  compacted  in  a  Carver  Press.  The  compacting  parameters, 
i.e.,  temperature,  pressure,  and  time,  depended  upon  the  composition  of 
the  composite  electrolyte.  Generally,  the  compacting  temperature, 
pressure,  and  time  were  raised  as  the  concentration  of  Li3N  increased. 
The  compacted  composite  disc  was  further  thirmed  on  a  hot  plate 
between  two  sheets  of  teflon,  and  flattened  with  a  roller.  The  electrolyte 
film  thus  prepared  vary  in  thickness  from  0.07-0.15  mm. 

Symmetric  cells  of  SS/CE/SS  (SS-stainless  steel,  CE-composite 
electrolyte)  were  constructed  in  a  Teflon  holder.  The  cell  was  contained 
in  an  airtight  glass  vessel  with  electrical  connections.  The  composite 
electrolyte  film,  along  with  the  glass  vessel,  was  aimealed  between  60- 
125°C  in  a  helium  atmosphere.  After  annealing  the  film,  electrochemi¬ 
cal  measurements  were  conducted  in  the  temperature  range  0-100°C 
using  an  EG&G  Electrochemical  System  (Model  273A)  interfaced  with 
an  IBM-compatible  computer. 

Results  and  Discussion 

The  temperature  dependence  of  conductivity  of  the  PEO:LiBF4- 
40%  Li3N  is  shown  in  Figure  1 .  The  figure  shows  two  linear  regions 
intersecting  at  about  45°C.  The  room  temperature  conductivity  of  this 
material  is  approximately  lO'^-S  S  cm"'.  This  conductivity  value  is 
approximately  an  order  of  magnitude  higher  than  that  of  PEO:LiBF4 
single  phase  polymer  electrolyte.  The  knee  in  the  conductivity  curve 
signifies  a  phase  transition.  For  the  single  phase  PEO;LiBF4  electrolyte 
material,  the  transition  point  is  approximately  60-70°C  and  the  lowering 
of  the  transition  point  in  the  PEO;LiBF4-Li3N  composite  indicates  for¬ 
mation  of  a  chemically  distinct,  lower  melting  point  phase.  The  activa- 
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Table  1 


10*/ T-*. 

Figure  1 .  Log  o  vs  1/T  of  PEO;LiBF4-40%  Li3N  electrolyte. 

tion  energy  for  the  lithium  tianspon  is  significantly  decreased  above  the 
transition  temperature. 

Figure  2  depicts  the  temperature  dependence  of  PEO.LiBF4-50%  Li3N 
electrolyte.  The  general  features  are  similar  to  those  in  Figure  1.  How' 
ever,  the  slope  of  the  conductivity  curve  in  the  low  temperature  region 
was  decreased,  suggesting  lower  activation  energy  for  lithium  ion  con¬ 
duction.  The  ambient  temperature  conductivity  is  around  lO'^'^  S  cm"'. 
The  phase  transition  temperature  of  the  material  remains  similar  to  the 
PEO:LiBF4-40%  Li3N  electrolyte. 


i 


tO*/T 

Figure  2.  Log  O  vs  1/T  of  PEO:LiBF4-50%  Li3N  material  annealed  at 
100°C  for  48  hours. 

Table  1  presents  compositions,  ambient  temperature  conductiv¬ 
ity,  activation  energies  (273-323K)  and  general  remarks  of  the  compos¬ 
ite  materials  formulated  in  this  investigation.  It  is  apparent  that  there  is 
a  significant  increase  in  the  ambient  temperature  conductivity  as  the 
lithium  nitride  was  introduced  in  the  polymer.  The  activation  energy  for 
lithium  ion  conduction  in  the  273-323K  varies  from  27.2  to  38.81  kcal 
mol"'  with  a  lack  of  any  consistent  trend.  In  general,  the  5%  and  25% 
Li3N  films  were  easily  processed.  The  films  with  40%  and  50%  Li3N 
were  slightly  brittle  and  relatively  difficult  to  process. 

We  intend  to  analyze  the  data  of  this  work  along  with  the  data 
reported  in  the  literature  on  composite  electrolytes  in  view  of  the  first 
three  prevailing  issues  in  the  development  of  commercially  viable  solid 
polymer  electrolytes;  namely  (a)  conductivity,  (b)  transport  number,  and 
(c)  lithium-electrolyte  interfacial  stability.  The  analyses  would  provide 
a  broader  view  of  the  attributes  and  drawbacks  of  these  composite  elec¬ 
trolytes.  Accordingly,  the  following  discussion  is  classified  into  the 
three  aforementioned  categories. 


Compositions  and  Properties  of  PEO:LiBF4/Li3N  Composite 
Electrolytes 


Spec. 

No. 

Material 

Composition 

log  a  at  300K 
AE(273-323K) 

Remarks 

1 

95%  PEO:LiBF^ 
5%  Li,N 

10"**  S  cm"' 

Easy  processing 
Flexible  films 

27.61  kcal  mol"' 

2 

75%  PEOrLiBF^ 
25%  Li,N 

10"**  S  cm' 

Easy  processing 
Flexible  films 

27.20  kcal  mol"' 

3 

60%  PEO:LiBF^ 
40%  Li,N 

10"'  *Scm  ' 

Slightly  brittle 
films 

38.81  kcal  mol  ' 

4 

50%  PEO:LiBF^ 
50%  Li,N 

l0"*^Scm' 

Slightly  brittle 
films 

28.04  kcal  mol  ' 

Conduciivily 


Figures  I  and  2  reveal  about  an  order  of  magnitude  enhancement 
in  the  ambient  temperature  conductivity  when  40  to  50  percent  Li3N  is 
incorporated  in  the  polymer.  Similar  results  have  been  repotted  when 
LiA102,  zeolite,  Si02,  AI2O3  were  introduced  in  the  PEO-based  electro¬ 
lytes.  At  the  same  time,  there  are  two  reports'-®  where  addition  of  o- 
aluminum  oxide  and  lithium  borosulfate  glass  had  little  effect  on  the 
conductivity.  It  may  generally  be  stated  that  the  ceramic  additive  in 
small  amounts  (<  about  50  v%)  may  have  a  beneficial  but  not  adverse 
effect  on  the  conductivity.  However,  in  large  amounts  (>50  v%)  it  has 
an  adverse  effect. 

The  mechanism  of  conductivity  enhancement  due  to  these 
ceramic  additives  remains  uncertain  at  the  present  time.  The  proposed 
idea  that  the  ceramic  additives  reduces  polymer  crystallinity  which  in 
turn  enhances  conductivity  appears  to  have  a  limited  appeal  in  view  of  a 
recent  report  by  Munichandraiah  et  al.'^  in  which  they  observed  no  sig¬ 
nificant  increases  in  conductivity  in  totally  amorphous  polymers  such  as 
commercial  hydrins  containing  epichlorohydrin  repeat  units  doped  with 
zeolite.  The  lithium  ion  conductivity  is  facilitated  in  the  amorphous 
phase  through  the  cooperative  motion  of  lithium  ion  and  polymer 
chains'^.  It  is  also  known  that  the  addition  of  ceramic  particle  enhances 
amorphous  phase  formation  and  at  the  same  time  raises  the  glass  transi¬ 
tion  temperature'"  that  in  turn  reduces  the  segmental  chain  motion  and 
thereby  would  have  a  negative  effect  on  conductivity.  Thus,  the  effects 
of  ceramic  additive  has  two  facets:  (a)  it  enhances  the  volume  of  the 
amorphous  phase  which  should  help  the  transport  process,  and  (b)  it  also 
increases  the  glass  transition  temperature  that  suppresses  polymer  chain 
motion  and  thus  the  motion  of  the  lithium  ion.  These  two  antagonistic 
effects  of  ceramic  additive  are  schematically  shown  in  Figure  3.  These 
effects  possibly  account  for  small  reported  increases  in  the  conductivity. 
Perhaps  the  ceramic-polymer  grain  boundaries  structure  and  chemistry 
may  have  an  even  more  important  role  than  the  formation  of  amorphous 
phase  in  the  electrolyte.  The  grain  boundaries  are  important  because 
these  are  the  sites  of  high  defect  concentration  which  may  allow  faster 
ionic  transport.  The  chemistry  and  structure  of  the  grain  boundaries  will 
be  determined  by  the  chemical  compatibility  between  the  polymer  and 
the  ceramic  component.  Reactive  ceramic  such  as  Li3N  and  LiAI02 
may  give  rise  to  more  defect-rich  grain  boundaries  than  the  inert  ceramic 
such  as  Si02  and  AI2O3. 

From  the  preceding  experimental  data  and  analyses,  it  is  evident 
that  large  increases  in  conductivity  resulting  from  the  addition  of 
ceramic  additives  is  not  realizable  because  of  their  antagonistic  influ¬ 
ences  on  the  crystallinity  and  glass  transition  temperature. 
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Figure  3.  Schematic  presentation  of  conductivity,  glass  transition 
temperature,  and  degree  of  crystallinity  relationship. 

Tiansooit  Number 

The  fact  that  motions  of  polymer  chains  contribute  to  the  trans¬ 
port  of  lithium  ion  in  the  polymer  electrolytes  also  has  deleterious 
effects  on  the  transport  number.  The  chain  motion  also  facilitates  trans¬ 
port  of  anionic  species  and  thus  the  measured  conductivity  includes 
contributions  from  both  the  species.  Some  of  the  polymer  electrolytes 
have  cationic  transpon  numbers  as  small  as  0.3'^.  This  poses  a  serious 
problem  for  their  use  in  commercial  rechargeable  batteries.  The  general 
observation  that  solid  polymer  electrolytes  conduct  very  poorly  near  or 
below  the  glass  transition  temperature,  Tg,  remains  valid  even  today  and 
should  be  an  important  guideline  for  future  research  and  development 
efforts.  Above  the  Tg,  polymer  chains  have  significant  motion  and  they 
remain  the  primary  contributor  to  the  conductivity.  Angell’*d6  j,as 
analyzed  the  transport  mechanisms  in  amorphous  polyrirer  electrolytes 
and  glassy  inorganic  solids  and  generalized  the  concepts  by  proposing  a 
parameter  known  as  the  decoupling  constant,  R.  The  decoupling  ratio  R 
is  defined  as 

R  =  Vto  (1) 

where  Tj  is  structural  relaxation  time  and  is  an  electrical 
(conductivity)  relaxation  time.  For  glassy  inorganic  solids,  at  tempera¬ 
tures  below  their  Tg,  R  can  be  of  the  order  of  10’^,  whereas  for  polymer 
electrolytes  which  are  useful  above  Tg,  R  can  approach  or  even  drop 
below  unity.  Typically  for  solid  polymer  electrolytes,  R  is  of  the  order 
of  10"^,  implying  three  orders  of  magnitude  lower  structural  relaxation 
time  than  the  electrical  relaxation  time. 

In  general,  the  decoupling  index  R  is  an  indicator  of  the  trans¬ 
port  number.  The  larger  the  value  of  R,  the  greater  is  the  cationic  trans¬ 
port  number.  In  the  polymer-ceramic  composite  electrolytes,  the  glass 
transition  temperature  increases  in  proportion  to  the  volume  fraction  of 
the  ceramic  phase.  Przyluski  et  al.  '<>  reported  an  increase  of  50°C  in  Tg 
when  20  wt%  hydrophobic  Si02  was  introduced  to  a  PEOigNal  poly¬ 
mer.  Angell'5  has  shown  that  at  T/Tg=1.2,  the  R  value  could  be  -lO^ 
and  the  transport  number  could  be  over  0.9.  An  increase  of  SOX  in  Tg 
values  in  most  polymer  electrolytes  will  bring  the  T/Tg  ratio  to  1 .2  and 
transport  number  around  0.9. 

The  conductivity  of  polymer  electrolytes  originates  from  two 
distinct  processes,  i.e.,  ion  hopping  and  ion  transport  assisted  by  poly 


mer  chain  motion.  The  measured  conductivity  is  thus  comprised  of 
contributions  from  these  two  processes.  Incotporation  of  a  ceramic 
additive  suppresses  the  chain  motion  mediated  contribution  and  thus  it 
must  increase  the  contribution  associated  with  ion  hopping  such  that  the 
conductivity  remains  the  same  (the  worst  case).  The  ion  hopping  proc¬ 
ess  is  more  favorable  for  cationic  species  because  of  its  small  size  and 
mass  than  that  of  the  anionic  counterpart.  This  scenario  as  shown  in 
Figure  4  suggests  an  enhanced  cationic  transport  number  as  the  volume 
fraction  of  ceramic  phase  is  increased. 


Figure  4.  Schematic  representation  of  measured  conductivity  at  ambient 
temperature,  contributions  from  ion  hopping  and  polymer 
chain  motion,  and  transport  number. 


In  addition  to  the  aforementioned  relationship  between  the  glass 
transition  temperature,  decoupling  constant,  and  transport  number,  there 
are  well-documented  experimental  dau  on  cationic  transport  number  in 
solid  electrolytes  such  as  P-AI2O3,  Li20-Si02,  and  ^20-8203  glasses. 
The  cationic  transport  number  in  these  electrolytes  is  very  close  to  unity. 
Thus,  in  polymer-ceramic  composite  electrolytes  although  not  yet  meas¬ 
ured,  but  the  theoretical  analyses  suggest  that  these  materials  should 
have  very  high  cationic  transport  number. 


Interfacial  Stability 

In  a  lithium  rechargeable  baneiy,  the  lithium-electrolyte  inter¬ 
face  is  of  critical  importance.  Due  to  the  extreme  reactivity  of  the  lith¬ 
ium  metal,  most  of  the  developed  electrolytes  passivate  lithium.  In  par¬ 
ticular,  impurities  such  as  oxygen  and  water  tend  to  accelerate  the  pas¬ 
sivation  mechanism  and  eventually  consume  the  lithium  electrode.  The 
passivation  of  lithium  electrode  in  non-aqueous-organic  electrolyte  is  a 
well-recognized  and  extensively  studied  phenomenon'^.  Croce  et  al.'^ 
have  investigated  Li/(PEO)g:LiC104,  Li/(re0)g:LiCI04-YLiA102,  and 
Li/PAN-EC-PC;LiC104  interfaces  using  AC  impedance  spectroscopy. 
Among  the  three  interfaces,  the  Li/(PE0)g:LiC104-yLiA102  interface 
exhibited  the  most  stable  behavior.  Croce  et  al.^  speculated  that  the  in¬ 
terfacial  stability  resulted  from  the  scavenging  ability  of  the  ceramic 
powder,  y-LiA102  in  the  electrolyte.  Kumar  et  al.®  repotted  suppression 
of  the  charge  transfer  resistance  in  a  Li/PEO:LiBF4/Li  cell  by  a  factor  of 
three  when  a  glass  powder  of  the  0.4  B2O3  0.4  Li20  0.2  LiS04  com¬ 
position  was  introduced  in  the  polymer  electrolyte.  The  charge  transfer 
resistance  is  an  indirect  indicator  of  the  passivation  phenomenon  and 
interfacial  stability.  A  few  of  these  symmetric  Li/composite  electro- 
lyte/Li  cells  were  cycled  for  over  1,500  cycles  at  ambient  temperature 
with  no  obvious  problems.  Munichandraiah  et  al.'2  reported  that  at  low 


238 


temperatures  and  low  concentralioas  of  zeolite,  the  exchange  current 
den^  for  U/U*  reaction  in  a  Li/compostie  electrolyte/Li  cell 
increases.  The  composite  electrolyte  consisted  of  hydrin  elastomer 
doped  with  LiBF4  and  zeolite.  The  enhanced  exchange  current  density 
was  attributed  to  the  presence  of  zeolite.  The  composite  electrolytes 
formulated  in  this  investigation  with  a  composition  of  PEO:LiBF4-S(HEi 
Li3N  was  also  evaluated  for  Li-electrolyte  compatibility.  A 
Li/composite  electrolyte/Li  cell  was  cycled  at  the  ambient  temperature 
with  a  current  density  of  100  pA  cm'^.  The  flow  of  current  was  reversed 
every  hour.  The  cell  functioned  for  ISO  cycles  before  failure.  Although 
this  is  a  preliminary  result,  the  Li-PEO:LiBF4-Li3N  interface  appears  to 
be  reasonably  stable. 

Rechargeable  lithium  batteries  with  ceramic  electrolytes  have 
been  investigated  by  Bates,  et  al.'*.  They  report  virtually  no  degrada¬ 
tion  of  Li/LiPON  glass  interface  after  S.OOO  cycles.  This  result  further 
attests  to  the  ultrastable  characteristics  of  the  Li-ceramk  interfaces.  The 
electrolyte  of  the  present  investigation  also  contains  nitrogen  that  may 
form  stable  oxynitrides  and  tie  up  oxygen  which  is  known  to  passivate 
lithium. 

The  experimental  evidences  are  numerous  and  consistent  that 
the  lithium/composite  electrolyte  interfaces  are  more  stable  and  efficient 
than  that  of  Li-polymer  electrolyte  interfaces.  The  mechanism  for  the 
improved  stability  and  efficiency  is  not  well  understood.  However, 
some  proposals  do  exist  in  the  literature  and  these  include  scavenging 
effects  of  ceramic  phase  and  screening  of  lithium  electrodes  with  an  in¬ 
ert  ceramic  solid.  It  will  take  careful  and  sustained  experimental  studies 
to  unfold  the  underlying  mechanisms  for  improved  intetfacial  stability. 

Summary  and  Conclusions 

A  brief  review  of  the  slate  of  the  art  of  polymer-ceramic  com¬ 
posite  electrolytes  has  been  presented.  Experimental  data  on 
PEO:LiBF4-Li3N  composite  electrolytes  reveals  that  the  addition  of 
Li3N  to  the  PEO'.LiBF4  polymer  iiKreases  the  conductivity  by  about  an 
or^r  of  magnitude  at  ambient  temperature.  An  analysis  of  a  broader 
range  of  composite  electrolytes  with  respect  to  their  conductivity  reveals 
that  itKorporation  of  a  ceramic  solid  in  a  polymer  matrix  leads  to  two  ef¬ 
fects.  The  first  one  is  the  enhancement  of  amorphous  phase  which 
should  theoretically  enhance  conductivity.  The  second  effect  is  an  in¬ 
crease  of  glass  transition  temperature  with  increasing  volume  fraction  of 
the  ceramic  phase  which  should  reduce  conductivity  due  to  the  fact  that 
the  polymer  chain  assisted  motion  of  the  conducting  ion  is  suppressed. 
These  two  effects  are  antagonistic  in  nature  and  perhaps  account  for  a 
relatively  small  increase  in  conductivity  in  polymer-ceramic  composite 
electrolytes.  Although  the  benefit  from  the  conductivity  point  of  view  is 
small,  all  the  available  information  suggest  these  composite  electrolytes 
should  have  high  cationic  transport  number  due  to  decoupling  of  struc¬ 
tural  and  electrical  relaxations.  Perhaps  the  possibility  of  cationic  trans¬ 
port  number  augmentation  is  the  most  important  feature  of  these  com¬ 
posite  electrolytes.  Preliminary  experimental  data  on  interfacial  electro¬ 
chemistry  of  lithium-composite  electrolyte  interfaces  reveals  promising 
future.  These  interfaces  are  believed  to  be  stable  and  efficient. 

It  should  be  stated  here  that  the  electrochemical  data  on  the 
composite  electrolytes  is  still  scarce;  nonetheless,  they  appear  to  possess 
many  beneficial  properties  that  may  load  to  their  use  for  commercial 
purposes. 
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Intmductinn 

Many  routes  are  presently  pursued  with  the  goal  of  obtaining  new 
materials  which  could  improve  the  performance  characteristics  of  lithium 
polymer  batteries.  Most  of  the  efforts  are  concentrated  on  new  flexible 
polymer  electrolytes.  Unfortunately,  polyethylene  oxide  (PEO)  ,  which  has 
been  the  widest  studied  polymeric  matrix  is  highly  crystalline  at  ambient 
temperature.  This  limits  its  conductivity  since  ionic  conductivity  is  associated 
with  the  amorphous  PEO  phase.  Various  methods  have  been  applied  in  order 
to  obtain  amorous  and  highly  conducting  PEO-based  polymer  electrolytes  ^ 
However,  some  methods  require  complicated  synthetic  procedures  or  lead  to 
soft  liquid-like  systems  of  poor  mechanical  and  electrochemical  stability  and 
are  environment^ly  hazards.  Alternatively,  the  more  advanced  polymer 
electrolyte  systems  may  involve  interpenetrating  polymer  networks  and 
composite  polymer  -  ceramic  systems.  It  has  been  shown  that  the  addition  of 
line  inorganic  fillers  to  PEO  based  polymeric  electrolytes  can  improve 
mechanical  and  electrochemical  stability  of  polymer  matrices  as  well  as 
increase  their  ambient  temperature  ionic  conductivity^-^.  Ltquan  suggested 
that  there  is  a  reciprocal  relationship  between  the  ionic  conductivity  of 
composite  polymer  electrolytes  (CPE)  and  the  ceramic  particle  size^.  This 
observation  was  also  confirmed  by  Wieczorek  and  Scrosati  who  stressed  the 
importance  of  grain  boundary  effects^'^.  Taking  into  account  these 
obrervations  and  assuming  that  in  polymeric  nanotnaterials  the  ceramic  grains 
are  so  small  that  the  relatively  large  volume  of  the  solid  mixture  consists  of 
grain  boundaries  or  interphase  regions,  we  have  initiated  investigations  on 
CPE  containing  ceramic  species  with  at  least  one  dimension  in  the  range  of 
10-30  nanometers.  Polymer  Nanocomposites  represent  a  new  and  rapidly 
developing  family  of  materials  with  many  interesting  properties  which  are  not 
available  in  conventional  micro-sized  composites^ ■^.  Our  investigations  cover 
classic  systems  obtain  by  randomly  dispersing  nanosized  (IO-40nm)  ceramic 
grains  in  a  polymeric  matrix  (Fig.lc)  as  well  as  layered  nanomaterials  recently 
developed  by  Giannelis  and  composed  of  alternating  ultra-thin  rows  of 
ceramic  and  polymer^  (Fig.  la).  Initial  results  of  our  investigations  have  shown 
that  both  ionic  conductivity  and  interfacial  stability  of  CPE  can  be  further 
improved  by  decreasing  the  ceramic  particle  size  to  the  range  of 
nanometers^' Moreover,  the  Layered  Nanocomposite  Polymer  Electrolytes 
(INCPE)  create  a  new  and  very  promising  family  of  composite  electrolytes  of 
single  ionic  conductivity.  (  Another  extremely  interesting  approach  to  obtain 
CPE  of  single  ionic  conductivity  was  recently  presented  by  Peled  et.  al.*  *  who 
.within  the  contract  sponsored  by  NASA,  developed  a  method  of  covering 
nanosized  AI2O3  particles  with  Lil  followed  by  carefully  dispersing  the 
covered  particles  in  a  polymer  matrix.). 

We  have  also  started  initial  investigations  on  the  use  of  nano-sized 
insertion  materials,  instead  of  the  more  commonly  used  microparticles,  as  the 
components  of  composite  cathodes  to  enhance  cathode  utilization  through 
increased  surface  area  and  ionic  conductivity.  Initial  results  of  work  sponsored 
by  DARPA  on  vanadium  oxide  based  cathodes,  repotted  recently  by  Owens 
and  SmyrI,  showed  enhanced  discharge  capacity  with  decreasing  particle  size 
(from  70|un  to  less  than  I  pm)  along  with  faster  discharge  rates  *  This  feature 
was  explained  by  the  diffusion  of  lithium  through  the  ceramic  particle  which  is 
able  to  reach  equilibrium  lithium  ion  concentrations  in  a  shorter  time  in  the 
case  of  smaller  particles.  Because  nanosized  Mn02  and  Ti02  are 
commercially  available  and  nanosized  vanadium  oxide  is  already  produced  on 
a  laboratory  scale,  the  application  of  these  materials  in  composite  cathodes 
seems  very  promising . 

Despite  a  significant  number  of  papers  reviewing  the  properties  of 
different  CPE’s  ,  a  number  of  important  issues  involved  in  toth  the  conduction 
mechanism  and  the  behavior  of  CPE's  in  contact  with  electrodes,  are  poorly 
understood.  In  most  cases,  the  crucial  factors  such  as  the  moisture  content  and 
ceramic  particle  size,  distribution  and  electrostatic  properties,  were  not 
repotted.  These  issues  need  focused  attention  and  satisfactory  solutions  before 
CPE-based  rechargeable  lithium  polymer  batteries  become  commercially 
available  on  a  wide  scale.  In  this  paper  we  will  briefly  summarize  the  part  of 


our  investigations  on  nanocomposite  polymer  electrolytes  (NCPE)  and 
LNCPE  as  well  as  indicate  the  great  application  potential  resulting  from  the 
utilizat’  sn  of  polymer  nanocomposites  of  different  structure  and  morphology 
in  lithium  polymer  batteries.  Since  experimental  procedures  connected  wM 
synthesizing,  handling  and  analyzing  of  electrolytes  have  significant  influence 
on  their  electrochemical  properties,  a  substantial  part  of  this  paper  will  deal 
with  the  experimental  techniques  applied  in  studies  on  electrolytes  discussed. 

General  Emimincam  Mcilimb 

High  molecular  weight  (M.w.=400,000)  PEO,  AI2O3  of  particle  size 
less  than  lOpm  and  anhydrous  acetonitrile  (ACN)  of  less  than  50  ppm  of 
water  were  received  from  Aldrich  Chemical  Co.  LTD.  High  surface  area 
AI2O3  of  particle  size  13  nm  and  24  nm  were  obtained  from  Degussa  Corp. 
and  Nanophase  Technolc^  Corp.  ,  respectively.  Ultra-dry  LiBF4  containing 
less  than  Ippm  of  water  was  obtained  from  Alfa-Ceaser  and  used  as  received  ( 
the  glass  ampoules  of  anhydrous  salt  were  opened  in  a  drybox  under  a  helium 
atmosphere  just  before  using)  The  lithium  metal  (Alfa)  was  in  the  form  of  a 
ribbon  of  0.3  mm  thickness.  It  was  rinsed  with  a  mixture  of  freshly  purified 
hexane  and  heptane  to  remove  the  oil  present  on  its  surface  (the  oil  coating 
applied  by  the  manufacturer  inhibited  any  possible  surface  reaction  of  the 
lithium  during  storage)  and  dried  prior  to  use.  Since  experiments  dealing  with 
lithium  passivation  (e.g.  stability  and  transport  number  measurements)  need  a 
properly  prepared  electrode,  the  lithium  bulk  material  was  scraped  to  a 
metallic  luster  in  a  drybox  just  before  using. 

AI2O3,  molecular  sieves  and  reo  were  dried  over  P2O5  under 
vacuum  for  48  hours  at  IS0°C,  200°C  and  S0*Yr  respectively.  Anhydrous 
ACN  was  additionally  dried  and  stored  over  dry  molecular  sieves  which 
decrease  the  water  content  of  the  solvent  to  about  1 0  ppm. 

LNCPE  were  synthesized  in  Prof.  Giannelis’  Laboratory.  Cornell 
University,  Ithaca,  NY.  according  to  a  previously  described  procedure^. 
Preparation  of  Electrolytes 

All  electrolytes  have  been  prepared  and  stored  in  a  series  of  dryboxes 
(Vacuum  Atmospheres  Corp.)  equipped  with  a  vacuum  oven  (Vacuum 
Atmospheres  Corp.  He-S33)  and  devices  for  removal  and  analysis  of  oxygen 
and  water.  The  oxygen  and  water  content  of  the  He  in  the  inert  atmosphere 
box  was  measured  continuously  with  a  calibrated  O2  sensor  (Vacuum 
Atmospheres  Corp.  A/0  3I6-H)  and  a  solid  state  moisture  sensor  (Vacuum 
Atmospheres  Corp.  AM-2),  both  of  them  sensitive  to<  0.1  ppm. 

The  O2  and  H2O  in  the  dryboxes  was  kept  below  10  ppm  and  Ippm. 
respectively.  Transfer  of  the  materials  between  dryboxes  was  performed  by 
using  hermetically  sealed  He-filled  glass  vessels  and  dessicators.  both 
equipped  with  O-rings. 

The  thin  films  (40-80  pm)  of  CPE  were  prepared  as  follows.  The 
mixture  containing  20-22  cc  of  acetonitrile,  1-I.Sg  PEO  and  appropriate 
weighed  quantities  of  LiBF4  and,  whenever  required,  AI2O3  was  introduced 
into  a  50  cc  sealed  mixing  chamber  of  an  OMNI  Mixer-Homogenizer  and 
stirred  .with  periodic  interruptions,  for  4  hours  at  10000  -  16000  rpm.  The 
ratio  between  the  number  of  monomeric  units  CH2CH2O  and  the  number  of 
lithium  in  the  salt  (O/Li)  was  in  all  cases  fixed  at  8/1.  The  homogeneous 
solution  was  then  transferred  into  a  30  cc  sealed  chamber  of  the  OMNI 
Ultrasonic  Processor  where  the  solution  underwent  ultrasonic  agitation  for  1-2 
minutes  at  2(X)00  KHz,  to  avoid  secondary  agglomeration  of  ceramic  particles 
and  remove  gas  bubbles  present  in  the  solution  which  could  significantly  affect 
the  casting  process.  The  degassed  and  warm  homogenous  solutions  were 
immediately  cast  onto  fine  polished  teflon  molds  and  introduced  into  a 
vacuum  dessicator.  Then  the  acetonitrile  was  slowly  (24  hours)  evaporated 
under  vacuum  and  quantitatively  collected  in  liquid  nitrogen  traps.  All  the 
electrolytes  obtained  in  this  manner  were  conditioned  for  48  hours  over  P2O3 
under  vacuum  at  50  °C  and  stored  in  a  drybox,  in  a  vacuum  dessicator  over 
dry  CaS04.  Homogeneity  as  well  as  size  of  ceramic  particles  and  their 
distribution  in  the  electrolytes  were  continuously  monitored  by  Scanning 
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Eles^tron  Microscopy  (SEM).  By  this  very  fast,  fully  controlled  and 
environmenially  friendly  procedure,  homogenous  polymer  electrolyte  thin 
films  '«<>h  no  evidence  of  powder  agglomeration,  were  routinely  obtained. 
Electrochemical  Measurements 

All  electrochemical  experiments  were  carried  out  utilizing  an  EG&G 
PAR  Model  S2I0  lock-in  amplifier  and  Model  273A  PotentiosUt/Galvanostat 
controlled  by  EG&G  PAR  Model  270  Research  Electrochemistry  Software 
(d.c.  polarization)  or  Model  398  Electrochemical  Impedance  Software 
(conductivity  and  stability  measurements)  operated  by  a  486  GATEWAY 
2000  computer.  Ac  impedance  was  measured  with  5  mV  ac  signal  over  a 
frequency  range  of  100  KHz  to  0. 1  Hz,  and  in  some  cases  down  to  0.01  Hz,  at 
6  points  per  frequency  decade.  In  order  to  obtain  the  impedance  parameters, 
all  the  experimental  spectra  were  analyzed  by  means  of  Boukamp's  Equivalent 
Circuit  Software,  Version  4.3  The  fitting  procedure  was  terminated  only  when 
the  relative  errors  of  impedance  parameters  remained  generally  confined 
below  5%  (x^  fitting  parameter  <5x10‘5). 

Disc  samples  of  electrolytes  were  sandwiched  between  two  equivalent  metallic 
lithium  (Li)  or  stainless  steel  (SS)  electrodes  (Electrode  surface  area  3.14  cm^ 
or  I  cm^).  The  CPE  or  Li/CPE/Li  systems  were  introduced  between  two 
metallographic  grade  polished  ,  parallel  stainless  steel  (SS)  current  collectors. 
The  collectors  were  kept  under  a  constant  mechanical  pressure  of 
approximately  10-12  lb./in.^  by  using  calibrated  spring  loaded  terminals.  The 
universal  "three  electrode"  design  of  the  cells  allows  for  the  introduction  of  a 
reference  electrode  by  inserting  ,  during  cell  assembly,  a  10pm  Ni  or  A1  wire 
between  the  two  layers  of  electrolyte  and  plating  the  wire  with  lithium  from 
the  negative  electrode.  All  samples  for  the  electrochemical  measurements  were 
prepared  and  loaded  into  sealed  electrochemical  vessels  (each  equipped  with 
internal  and  external  wire  connections  and  thermocouple  placed  near  the  cell) 
in  the  drybox  The  electrochemical  vessels  were  then  removed  from  the 
drybox,  immersed  in  the  thermostat  and  the  wire  leads  were  connected  to  the 
measuring  equipment.  The  temperature  of  samples  inside  the  electrochemical 
vessel  were  constantly  monitored  with  an  accuracy  of  0.3°C. 

The  ionic  transport  number  of  lithium  in  CPE's  studied,  was  evaluated  by  the 
combination  of  complex  impedance  and  potentiostatic  polarization  using 
lithium  electrodes.  Li/CPE/Li  cells  were  conditioned  at  80%  for  3  hours  and 


then  polarized  at  the  same  temperature  using  a  voltage  of  20  mV  for  6-48 
hours.  Currents  were  recorded  as  a  function  of  time  until  the  current  was 
changing  by  less  than  0.3%  in  30  min.  reaching  so  called  "steady-state"  value. 
The  cell  impedance  was  measured  just  before  and  after  polarization  to  enable 
correction  for  the  effect  of  interfacial  resistance. 

Ionic  conductivity  was  determined  from  the  a.c.  impedance  measurements 
with  SS/CPE/SS  cell  configuration,  over  the  temperature  range  -20  to  100  %. 
The  measurements  were  made  every  few  degrees  during  heating.  After 
reaching  the  desired  temperature,  the  cell  was  kept  at  that  temperature  for  30- 
43  min  ,to  assure  the  temperature  equilibrium  of  the  sample  before  the 
measurement  was  made.  Most  of  the  measurements  were  done  at  the  open 
circuit  potential  (OCP).  The  a.c.  ionic  conductivity  was  calculated  from  the 
complex  impedance  plot  with  nonlinear  computer  curve  fitting. 

The  interphase  resistance  and/or  Li-CPE  interface  were  studied  by  means  of 
a.c.  impedance  spectroscopy  applied  to  Li/CPE/Li  cells  at  a  temperature  of 
70%.  The  change  of  the  impedance  was  continuously  monitored  for  the  first 
100  hours  after  cell  assembly  when  most  of  the  investigated  phenomena 
occurred. 

Moisture  Dcicmiination 

Determination  of  the  water  content  of  the  electrolyte  materials  by 
Karl-Fisher  technique  was  carried  out  on  an  automatic  Mitsubishi  Moisture 
Meter  Model  CA-06  equipped  with  Mitsubishi  Water  Vaporizer  Model  VA- 
06.  The  moisture  content  in  electrolytes  were  usually  kept  below  200  ppm. 


Results  and  Disciis.sion 


observation  is  similar  to  that  found  by  Scrosau  for  (PEO)gLiCI04  -  y  LiAIOj 
system  *  ^  and  contrary  to  data  reported  for  systems  doped  with  sodium  salts.  *  * 
.Recent  studies  on  NMR  imaging  of  amorphous  phase  of  (PEO)gLiCI04  -  y 
LiAI02  system  indicated  that  the  local  dynamics  of  the  Li  ions,  in  particular 
the  Li  mobiUiy,  is  not  changed  by  adding  the  y  LiAI02  filler  what  supports 
the  idea  that  the  enhancement  of  conductivity  by  adding  a  filler  is  caused  by 
stabilizing  and  increasing  the  fraction  of  amorphous  phase*^.  However,  the 
fact  that  characterized  by  similar  Tg  values  and  similar  degrees  of  crystallinity 
(Table  I)  samples  containing  the  same  amounts  of  nanosized  or  microsized 
AI2O3  show  different  ionic  conductivities  over  a  broad  range  of  the 
temperature  once  again  proves  the  importance  of  grain  boundary  effects  which 
are  clearly  visible  at  ambient  temperature  and  remain  noticeable  up  to  100% 
Similar  morphological  behaviour  of  elecnolytes  containing  AI2O3  of  various 
particle  size  was  confirmed  by  polarizing  microscope  studies  at  different 
temperatures  ( Figure  4). 

Figure  3  presents  the  changes  of  interfacial  resistance  versus  time 
recorded  at  70%  for  (PEO)gLiBF4  -  AI2O3  electrolytes  of  different 
composition  sandwiched  between  two  lithium  elecuodes.  Previous  works 
suggested  than  the  evolution  of  interfacial  resistance  with  time  can  be 
associated  with  continuous  growth  of  a  resistive  layer  on  the  Li  electrode 
surface  where  the  passivation  layer  is  a  product  of  the  corrosion  reaction  of  Li 
with  electrolyte  components*”.  To  monitor  the  morphological  changes 
occuring  on  Li/NCPE  inteiphase  we  developed  the  SEM  technique  allowing 
for  post-mortem  examination  of  the  interphase.  An  exemplary  photograph  of 
Li/(PEO)gLiBF4  -  20wt%  nano-sized  AI2O3  inteiphase  after  2  hours  of 
storage  is  presented  on  Figure  6.  The  changes  of  interfacial  resistance  in  terms 
of  moisture  content,  ceramic  particle  size,  equivalent  circuit  analysis  and 
passivation  layer  models  that  are  available  in  the  literature  were  discussed 
previously*®.  It  can  be  seen  (Figure  3)  that  both  the  NCPE  and  conventional 
micro-sized  CPE  are  much  more  elecirochemically  stable  in  contact  with  the 
Li  electrode  than  undoped  (PEO)gLiBF4  elecuolyte.  Stability  of  NCPE's  in 
contact  with  lithium  varies  with  the  electrolyte  composition  reaching  the 
optimum  for  a  system  containing  20  wt%  nano-sized  alumina. 

One  can  also  observe  that  the  interfacial  resistance  of  the  electrolyte 
containing  nanosized  AI2O3  is  much  lower  than  the  interfacia)  resistance  of 
the  analogous  microsiz^  electrolyte  indicating  the  importance  of  greatly 
increased  ceramic  surface  area  for  stabilizing  the  interphase.  Figures  7a  and  7b 
show  the  evolution  of  Li/(PEO)gLiBF4  -  I0wt%  nano-sized  AI2O3  interphase 
resistance  as  a  function  of  time  at  70°C  for  electrolytes  containing  200  ppm 
and  1.5%  of  moisture  ,  respectively.  The  influence  of  the  moisture  content  on 
the  stability  of  electrolytes  is  clearly  visible.  The  interfacial  resistance  of  the 
sample  stored  in  the  drybox,  in  a  vacuum  dessicator  over  dry  CaSO^  (moisture 
content  below  200ppm)  is  much  lower  than  for  the  sample  exposed  for  a  long 
time  to  drybox  atmosphere  (moisture  content  1.3%).  Other  experiments  have 
shown  that  the  moisture  content  in  the  electrolytes  exposed  for  a  short  time  to 
the  air  can  rapidly  increase  reaching  the  equilibrium  value  (3-8%)  which 
depends  on  electrolyte  composition.  Thus,  to  allow  comparision  of  the 
stability  of  different  electrolytes  versus  lithium  electrode  the  experimental 
methods,  material  characteristics  and  especially  moisture  content  should  be 
described  in  detail. 

The  electrostatic  charge  and  surface  structure  of  the  ceramic  probably  affect 
not  only  conductivity  and  stability  of  NCPE  but  also  the  interactions  between 
the  filler  grains  and  ions  present  in  the  system  since  the  Li.^  transport  number 
measured  at  80%  for  NCPE  (t+=0.24)  is  slightly  higher  than  analogous  value 
for  undoped  electrolyte  (i.^=0.20).  Aluminum  Oxide  tends  to  develop  an 
electrostatically  positive  charge  in  contact  with  polymers  -  in  contrast  for 
example,  to  silica  particles  which  become  charged  negatively  *  One  cannot 
also  exclude  the  influence  of  hydrogen  bonding  between  anions  and  OH 
groups  present  on  alumina  surface. 


Figure  2  illusuates  the  temperature  dependence  of  the  ionic 
conductivity  for  (PEO)gLiBF4  -  AI2O3  nanocomposite  electrolytes  of  various 
compositions.  For  comparision,  the  temperature  dependence  of  conductivity 
measured  for  (PEO)gLiBF4  and  (PEO)gLiBF4  -  10  wt%  micro-sized  AI2O3 
electrolytes  are  also  included.  One  can  observe  that  ionic  conductivity  of 
NCPE’s  varies  as  a  function  of  nanoceramic  content.  At  first  the  conductivity 
increases  with  the  addition  of  AI2O3  reaching  a  maximum  value  for 
electrolytes  containing  10  wt%  nano-sized  AI2O3.  After  that,  the  conductivity 
decreases  gradually  and  for  samples  containing  over  30  wt%  of  alunina  falls 
down  below  the  values  received  for  the  undoped  (PEO)gLiBF4  system.  The 
ambient  temperature  ionic  conductivity  values  obtained  for  NCPE’s  of  10  wt% 
of  alumina  are  one  order  of  magnitude  higher  than  values  measured  for 
analogous  systems  containing  microsized  alumina.  Moreover,  the  ionic 
conductivity  of  optimized  CPE  exceeds  the  values  recorded  for  undoped 
(PEO)gLiBF4  systems  over  the  whole  studied  temperature  range  even  at 
temperatures  higher  than  thePEO  melting  point  (Figure  3).  The  present 


Table  2  presents  the  ionic  conductivity  values  of  LNCPE  (Fig.  I  a) 
obtained  by  infusing  the  cileries  existing  between  the  montmoriilonite  nano¬ 
layers  with  PEO  chain^.  For  this  type  of  LNCPE  .  the  isomorphous 
substitution  of  silicon  by  aluminium  in  the  ceramic  layers  creates  a  delocalized 
negative  charge  balanced  by  lithium  cations  residing  in  the  galleries  what  leads 
to  systems  of  single  ion  conductivity.  As  can  be  seen  from  the  Table  2,  the 
ionic  conductivity  of  LNCPE  changes  slightly  in  the  temperature  range  from 
0%  to  70°C  reaching  the  room  temperature  value  of  1.6xl0‘^  S/cm  for  a 
system  containing  40  wt%  of  PEO.  The  ^Li  NMR  studies  (Figure  8)  on 
LNCPE  show  a  single,  motionally  narrowed  resonance  at  room  temperature. 
The  ^H  NMR  spectra  recorded  for  LNCPE  containing  deuterated  PEO  were 
very  similar  to  amorphous  bulk  PEO  and  their  temperature  dependence  was 
strongly  correlated  with  motional  narrowing  seen  in  ^Li  NMR  ®  indicating 
strong  mutual  interactions  between  lithium  cation  and  infused  PEO  chains. 
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The  short  review  of  our  iaitial,  exploratory  works  on  nanocomposite  polymer 
etecnolytes  has  demonstrated  tluu  the  application  of  aanomaterials  as 
components  of  solid  electrolytes  can  greatly  enhance  the  electrochemical 
propeities  of  electrolytes  in  comparison  to  other  composite  polymer 
electrolytes  developed  up  to  date.  The  following  conclusions  can  be  drawn: 

The  ionic  conductivity  of  the  optimized  NCPE  (>10'^  S/cm)  is  about 
one  order  of  magnitude  higher  than  that  for  conventional  CPE  of  analogous 
composition  which  confirms  previously  suggested  inverse  relationships 
between  ionic  conductivity  and  ceramic  particle  size,  proving  the  importance 
of  grain  boundary  effects  in  conduction  processes.  The  influence  of  ceramic 
particles  on  ionic  conductivity  can  be  also  interpreted  in  terms  of  electrostatic 
interactions  and  surface  structure  of  the  ceramic  grains. 

The  use  of  nano-sized  ceramic  particles  leads  to  substantial 
improvement  of  the  stability  of  composite  electrolytes  in  contact  with  lithimn 
electrodes,  which  reflects  the  influence  of  the  greatly  extended  surface  area  of 
the  nanoceramic  powder.  The  passivation  processes  observed  can  be  explained 
in  the  light  of  various  models  proposed  in  the  literature  and,  in  case  of 
NCPE's;  the  most  adequate  seems  to  be  Solid  Polymer  Layer  Model.  Our 
investigations  have  also  demonstrated  a  strong  relationship  between  the 
electrochemical  properties  of  electrolytes  and  experimental  methods  used  for 
their  synthesis.  The  dispersion  degree  of  the  ceramic  primary  particle  size  in 
the  polymer  matrix  and  moisture  content  of  the  electrolytes  strongly  affects  the 
stability  of  composite  electrolytes  in  contact  with  lithium  electrodes.  Thus,  to 
allow  comparisons  of  data  obtained  in  different  laboratories,  the  experimental 
methods  applied  for  studies  should  be  described  in  detail.  Moreover,  most  of 
the  works  on  passivation  phenomena  occurring  on  polymer  electrolyte/lithium 
interface  is  based  on  equivalent  circuit  models  adopted  from  studies  on 
nonaquous  electrolytes  and  subjectively  adjusted  to  polymeric  systems.  Since 
the  quantitative  analysis  of  the  interface  in  terms  of  equivalent  circuit  models 
should  be  connected  with  analysis  of  the  interphase  composition,  there  is  a 
need  to  develop  the  new  techniques  allowing  to  study  morphology  and 
composition  of  passivation  layers.  Of  great  importance  seems  to  be  also  the 
application  of  statistical  analysis  (based  on  F-test)  which  can  determine  the 
adequacy  of  different  models  to  describe  a.c.  impedance  data,  establish 
accuracy  of  parameters  estimation  and  allow  to  choose  the  model  of 
statistically  optimal  fit.  Only  the  combination  of  ail  the  techniques  mentioned 
above  can  lead  to  correct  explanation  and  simulation  of  passivation 
phenomena  studied. 

The  layered  nanocomposite  solid  polymer  electrolytes  of  RT  single 
ionic  cottductivity  of  10'^  S/cm  create  the  new  family  of  solid  electrolytes  of 
extraordinary  properties.  It  seems,  that  the  conduction  processes  taking  place 
in  the  polymer  nanolayers  do  not  obey  any  of  proposed  ionic  transport  theories 
and  models  developed  up  to  date  for  polymer  electrolytes.  An  idea  of 
directional  conducting  polymer  nanolayers  or  nanotubes  forms  an  innovative 
and  very  promising  approach  to  synthesize  polymer  electrolytes  of  enhanced 
properties.  This  idea  can  be  extended  in  the  future  on  electrolytes  consisting  of 
polymeric  macrochannels  created  by  crosslinking  certain  macromonomers  in 
their  tubular  mesophase  status.  In  our  laboratory  we  started  the  initial  works 
on  computer  modeling  of  such  systems,  which  confirmed  the  high  lithium 
mobility. 

The  application  of  nanomaterials  as  components  of  both  polymer 
electrolytes  and  composite  cathodes  can  lead  to  build  so  called  "nanobattery" 
of  increased  burst  power  and  enhanced  performance  characteristics. 
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Figure  3.  look  conductivity  vcfsus  composition  of  the  (PEO)g  UBF4  -  AI2O3 
nnnocomposite  polymer  electrolytes  at  30°C  (A),  60K  (o)  snd  90°C 
(■) 


Figure  I .  Schematic  representation  of  the  structure  of  composites  studied  in 
this  work;  a)  single  polymer  layers  intercalated  into  ceramic 
galleries,  b)  ceramic  layers  dispersed  in  continuous  polymer  matrix, 
andc)  conventional  composites  composed  of  cetamic  grains  finely 
dispersed  in  a  polymer  matrix. 
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Figure  4.  Optical  micrographs  viewed  between  crossed  polars  at  60%:  a) 
(PEO)g  LiBF4  electrolyte  and  b)  (PEO)g  LiBF4  -10wt%  nanosized 
AI2O3  composite  electrolyte.  Scale  bar  =0. 1  mm 


3  3  1 

naan  ii/xi 


Figure  2.  Ionic  conductivity  versus  the  inverse  temperature  of  composite 
(PEO)g  LiBF4  -  AI2O3  polymer  electrolytes  at  various  compositions. 
(  •  )  0  wt%  Al203_,  (  A  )  5  _wt%  nanosized  AI2O3  ,  (o )  10  wrtb 
nanosized  AI2O3,  ( 4 )  20  wt%  nanosized  AI2O3.  '(  x  )  30  wt* 
nanosized  AI2O3  ,  ( +  )  10  wt%  microsized  AI2O3 
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Table  1.  DSC  data  for  Nanocomposile  Polymer  Electrolytes  containing  AI2O3 
grains  of  I3nm.  (*  -sytems  containing  conventional  microsized  (<I0 
pm)  alumina). 


Figure  6.  SEM  photograph  of  Li  /  (PEO)g  LiBF4  -20wt%  nanosized  AI2O3 
freezed-ffactured  interphase.  Scale  bar  =  I  pm 
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Figure  5.  Resistance  versus  ume  at  70°C  for  (PEO)g  UBF4  -  AI2O3 
composite  polymer  electrolytes  at  various  compositions,  (o  )  0  vrt% 
AI2O3,  ,  (■  )  10wt%  nanosized  AI2O3.  (  •  )  20  wrt6  nanosized 
AI2O3,  ( A )  20  wt%  microsized  AI2O3. 
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Table  2.  Ionic  Conductiviry  of  Layered  NaiKtcomposite  Electrolyte  versus 
temperature. 
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Figure  7.  Impedance  diagrams  of  Li  /  (PEO)g  LiBF4  -10wt%  nanosized 
AI2O3  interphase  showing  the  increase  in  the  interphase  resistance 
as  a  function  of  time  at  70OC  for  samples  containing  a)  below  200 
ppm  and  b)  1.5%  of  moisture. 


Figure  8.  Spin  lattice  relaxation  time  (Tl)  and  full  widths  at  half  maximum 
(FWHM)  versus  temperature,  determined  from  7Li  NMR  spectra  of 
LNCPE  of  type  la  containing  lithialed  montmorillonite  and  40  wl% 
ofPEO(0/Li  =  6) 
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Abstract 

High  energy  Li/CFx  primary  button  cells  with 
plasticized  polymer  electrol^e  have  been  evaluated  for  the 
effect  of  elevated  temperature  and  thin  layer  electrodes  on 
cell  perfbrmarKe.  The  elecbolyte  could  be  crosslinked  by  a 
thermal  curing  process  allowing  a  greatly  simplified  method 
of  making  the  polymer  batteries.  The  usual  methods  for 
making  liquid  electrolyte  button  cells  were  performed.  After 
assembling  and  sealing  the  the  cells,  the  electrolyte  was 
cured  thermally  immobilizing  it  to  a  gel.  The  conductivity  of 
the  electrolyte  after  curing  was  found  to  be  4  X  1 S/cm  at 
250c.  The  Li/CFx  were  tested  over  the  temperature  range 
of  25°C  to  lOO^C  and  rates  varying  from  0.1  m/V/cm^  to  2 
mA/cm2.  Full  CF  capacity  was  realized  at  1  mA/cm^  Full 
CF  capacity  was  realized  at  1  mA/cm^  continuous  discharge 
at  850 

Introduction 

We  have  developed  laboratory  scale,  thin  layer 
polymer  electrolyte  Li/CFx  cells  and  tested  them  for  high 
energy  and  high  power  applications.  Future  anticipated 
technological  advances  such  as  the  cooling  unit  for  the 
soldier  system  demand  power  sources  with  extremely  high 
energy  and  power  densities,  high  durability  and  safety  for 
both  the  user  and  the  environment.  The  characteristics  of 
lithium  batteries  in  regard  to  the  above  requirements  are 
primarily  determined  by  the  materials  used  for  the  cathode 
and  the  electrolyte. 

Carbon  monofluoride,  CFx  (xsl),  has  been  studied 
and  employed  as  a  cathode  active  material  for  lithium 
batteries  for  many  years  (1].  Table  1  compares  the  energy 
density  of  Li/CFx  to  several  other  high  energy  lithium  cells. 
Li/CFx  has  one  of  the  highest  energy  densities  of  any 
electrochemical  couple,  has  a  good  safety  record  and  is 
considered  to  have  very  good  storage  characteristics. 
Further  a  CFx  cathode  contains  no  heavy  metals  as  most 
cathode  materials  do.  This  makes  CFx  one  of  the  most 
environmentally  safe  battery  systems.  Low  to  moderate  rate 
capability,  however,  has  precluded  it  from  consideration  for 
many  applications  of  interest  to  the  U.S.  /\rmy. 

Likewise  it  has  been  recognized  [2]  that  polymer 
electrolyte  batteries  could  provide  improved  safety  and 
handling  features  over  conventional  liquid  electrolyte 
systems.  Advantages  that  could  be  attributed  to  polymer 
electrolyte  cells  are;  thin  film  or  thin  layer  cell  constru^ion, 
bipolar  multicell  battery  construction  and  greater  safety 
under  conditions  such  as  shock,  puncture  or  flame. 

Batteries  with  polymer  electrolyte  are  very  low  rate 
compared  to  liquid  el^rolyte  batteries,  however,  due  to  the 
low  conductivity  of  the  polymer  electrolyte  [3].  To  solve  the 
problem,  liquid  plasticizers  have  been  added  to  improve  the 
conductivity  of  the  polymer.  These  plasticized  polymer 
electrolytes  can  be  thought  of  as  a  liquid  contained  by  the 
chains  of  a  high  molecular  weight  polymer  forming  a  gel. 
Gel  electrolytes  have  been  found  to  have  conductivities 
approaching  liquid  electrolytes  while  in  principle  maintaining 
the  advantages  of  an  immobilized  electrolyte  [4]. 


Table  1 

Coaperleon  to  Thaoratical  Energy  Density  of 
CF«  with  Other  High  Energy  Positive 
Materials  for  Littaius  Batteries 


Positive  Material 

‘'•iK'/'i'' 

Ener^^  Dens  i  ty 

CP« 

.894 

2190 

NiF> 

.554 

1370 

CuFa 

.525 

1650 

SOCla 

.451 

1578 

SOaCla 

.397 

1468 

This  work  explores  the  capability  of  Li/CFx  batteries 
>^h  polymer  gel  electrolyte.  Small  button  cells  were  used 
as  a  test  vehicle.  To  overconw  the  anticipated  problems  of 
tow  rate  capability  for  Li/CFx  with  polymer  electrolyte,  thin 
layer  electrodes  were  used  to  increase  the  overall  surface 
area,  a  gel  electrolyte  was  used  with  high  conductivity,  and 
cell  operation  at  elevated  temperatures  was  explored. 

CsU /^sseoibly 

Because  gel  and  polymer  electrolytes  will  not  ffow,  a 
different  cell  fabrication  procedure  is  required.  Conventional 
cell  construction  for  lithium  batteries  with  liquid  electrolytes 
consists  of  a  porous  nonwoven  separator  made  of  a 
polymeric  material  such  as  polypropylene  or  Tefeel 
sandwiched  between  the  lithium  foil  anode  and  the  porous 
cathode  layer.  The  liquid  electrolyte  flows  into  the  pores  of 
the  separator  and  cathode  providing  a  path  for  ionic 
conduction  throughout  the  ceil  and  cathode  layer. 

Solid  polymer  and  gel  electrolyte  cells  are  constructed 
by  mixing  the  solid  cathode  and  polymer  electrolyte 
materials  and  casting  or  extruding  a  solid  composite  thin 
layer  cathode.  Likewise,  the  electrolyte  is  usually  a  free 
standing  solid  Film  or  a  solid  coating  on  the  anode.  The 
completed  cell  consists  of  a  solid  polymer  electrolyte  layer 
between  a  solid  lithium  foil  and  solid  composite  cathode. 

This  method  requires  the  thin  polymer  electrolyte  to 
act  as  electrolyte  and  separator.  Ultra  thin  layers  of  heavily 
plasticized  polymer  electrolyte  may  not  have  the  strength  to 
resist  penetration  of  small  irregularities  in  the  electrode 
surfaces.  This  can  result  in  cell  short  circuit.  Cell 
performance  could  further  be  affected  if  the  lack  of  a  binder 
in  the  cathode  allows  degradation  due  to  volume  changes 
that  occur  during  cell  operation. 

The  procedure  for  making  the  cells  used  in  this  work 
is  very  similar  to  the  techniques  used  for  liquid  electrolyte 
systems.  It  is  based  on  the  electrolyte  which  contains  a 
crosslinkable  polymer.  The  electrolyte  changes  from  liquid  to 
gel  when  it  is  cured  thermally.  The  cathode  was  rolled  using 
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a  Teflon  binder  onto  a  foil  substrate  forming  a  porous  layer . 
The  electrodes  were  separated  by  a  thin  microporous  inert 
material  which  is  completely  insoluble  in  the  electrolyte 
plasticizer.  The  cells  were  made  by  soaking  the  separator 
and  cathode  with  the  liquid  uncured  electrolyte.  After  cell 
assembly  and  sealing,  the  cells  were  heated  to  cure  the 
electrolyte  thermally.  The  result  is  a  cell  with  an  immobilized 
electrolyte  but  with  an  solid  separator  and  cathode  binder  as 
used  in  most  liquid  electrol^e  batteries.  Figure  1  is  a 
diagram  of  the  finished  cell. 


Figure  1 .  Li/CFx  button  cell  with  gel  electrolyte. 

Experimental  Procedure 

The  electrolyte  was  a  mixture  of  the  following 
composition;  1M  LiAsFg  in  propylene  carbonate  85%. 
polyethylene  glycol  diacrylate  PEG-DA  10%,  polyethylene 
oxide  PEO  (MW=5,000.000)  5%.  A  small  amount  of 

2,2'-azobisobutyronitrile  (AIBN)  was  added  as  a  crossiinking 
initiator.  The  components  formed  a  clear  viscous  liquid 
solution. 

Conductivity  measurements  were  done  in  glass 
conductivity  cells  with  platinum  electrodes.  The  cells  were 
filled  with  the  viscous  liquid  electrolyte.  The  cells  were 
heated  at  70^0  for  at  least  an  hour  to  cure  the  polymer 
electrolyte.  A.C.  conductivity  measurements  were  made  at  1 
kHz.  Temperature  control  was  maintained  with  a  Tenney 
temperature  control  chamber.  After  curing  the  polymer 
became  a  clear  gel. 


tested  over  a  temperature  range  of  25°C  to  lOflcC. 
Temperature  control  was  maintained  with  a  Tenney 
temperature  control  chamber. 

Results 

Figure  2  shows  a  plot  of  the  conductivity  of  the  gel 
electrolyte  in  this  work.  At  250C  the  conductivity  is  4  X  lO'-^ 
S/cm  and  at  85°C  it  is  over  lO'^  S/cm.  /Mthough  this  is  still 
less  than  the  very  best  liquid  electrolytes,  it  is  well  above 
results  for  the  unplasticized  polymer  systems. 


Figure  2.  Conductivity  of  gel  electrolyte. 


Figure  3  shows  the  effect  of  current  density  on  the 
performance  of  Li/CFx  cells  at  25°C.  The  capacity 
decreases  rapidly  with  Increasing  rate.  Increasing  the 
temperature  greatly  improves  the  performance  of  the  cells 
as  shown  in  Figure  4.  The  rate  capability  of  the  cells  steadily 
improved  with  temperature  up  to  85'C.  Figure  5  shows 
how  the  performance  varies  with  rate  at  85°C.  Further 
increases  in  temperature  did  not  improve  the  performance. 
It  has  been  shown  [5]  that  at  temperatures  over  850C 
sealing  materials  such  as  the  polyethylene  gaskets  used  in 
this  study  undergo  significant  degradation  at  temperatures 
over  85CC. 


Cathodes  were  produced  by  rolling  CFx,  carbon  and 
Teflon  dispersion  in  a  water  and  isopropyl  alcohol  mix.  For 
cathodes  produced  in  house,  fluorinated  graphite  CFx 
(0.95<  X  >  1.05)  was  used.  The  cathodes  were  rolled  thin  to 
a  thickness  of  20  to  100  microns  on  25  micron  thick 
aluminum  foil.  CFx  cathodes  were  also  provided  by  Ray-0- 
Vac  Corporation  for  this  study.  These  were  also  on 
aluminium  fr  <1. 

The  cells  are  assembled  with  the  viscous  liquid 
electrolyte  before  covering.  The  cell  electrodes  were  2  cm^ 
in  area.  Porous  Tefzel  separator  and  the  rolled  CFx  and 
carbon  cathode  were  both  soaked  with  the  viscous  liquid 
electrolyte.  Because  there  was  considerable  free  volume  on 
the  button  cell  package  containing  the  very  thin  polymer 
electrolyte  cell,  a  small  spring  assembly  was  used  to  keep 
pressure  on  the  cell  and  insure  good  electrical  contact 
throughout  discharge.  After  assembly,  the  cells  are  crimp 
sealed  and  then  stored  at  /O^C  for  90  minutes  to  cure  the 
electrolyte. 

Cells  were  discharged  at  constant  current  load  with 
an  AMSEL  model  545  galvanostat  electrometer.  Cells  were 


U/6el  ElectrolytQ/CFx 
CFx  Capecityl  7  mAh 


CAPAOTYOtVWx) 

Figure  3.  Dischage  of  three  LI/CFx  cells 
with  gel  electrolyte  at  25^. 
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Figure  4.  Discharge  of  Li/CFx  ceils  wHh 

gel  electrolyte  at  8S°C  and  250C. 


Figures.  Discharge  of  two  Li^Fx  cells 
with  gel  electrolyte  at  85°C. 


Figure  5  shows  that  even  at  8S0C.  the  cells  operate  at 
a  reduced  voltage  at  rates  over  1  mA/cm^  at  the  beginning 
of  discharge.  These  two  cells  had  cathodes  containing  only 
5%  cartMn  as  a  conductive  additive  to  the  CFx  cathode. 
Cells  with  cathodes  containing  15%  carbon  as  shown  in 
Figure  4  showed  a  much  flatter  discharge  curve. 

Varying  the  cathode  thickness  from  50  micron  to  100 
micron  was  not  found  to  effect  the  performance. 


Concluaon 

Our  results  have  shown  that  by  raising  the 
temperature  to  SS^C  ano  using  thin  layer  cells,  the  fuH 
capadw  of  the  CFx  cells  can  be  obtained  at  a  rate  of  1 
mA/cm^.  Based  on  this  experimental  result,  the  overall 
energy  density  of  the  cell  including  current  collectors  can  be 
calculated,  if  the  current  coflectors  are  kept  in  12  micron  to 
25  micron  range  and  the  electrodes  In  the  25  micron  to  50 
micron  range,  then  energy  densities  of  over  300  Wh/kg  and 
power  densities  of  over  60  W/kg  can  be  achieved.  These 
results  neglect  the  weight  of  the  ceil  case.  However,  one  of 
the  advantages  of  a  polymer  electrolyte  system  is  that  the 
cell  casing  could  be  very  light  weight  as  compared  to  other 
batteries  such  as  SO2  or  SOCi2. 

The  Li/CFx  battery  with  polymer  electrolyte  is  a  very 
promising  system  for  Army  applications  where  the  batteries 
can  be  operated  at  etevaM  temperatures.  Remaining  tasks 
are  to  upscale  to  larger  size  batteries,  produce  multiceil 
bipolar  cell  stacks  and  investigate  the  storage  and  shelf  life 


characteristics. 
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ABSTRACT 


Performance  of  electrochemical  test  cells  using  composite  cathodes 
based  on  commercially  available  V2O5  and  LiMn204,  and  a 
LiMn204  produced  by  a  continuous  process  developed  at  Arthur  D. 
Little  ate  compared.  Three  electrode  systems  were  evaluated  in  1) 
a  liquid  electrolyte  (PC-LiQ04),  2)  a  PC-based  gel  electrolyte,  and 
3)  a  polymer  electrolyte  conductive  at  ambient  temperature.  The 
LiMn204  produced  using  Arthur  D.  Little  process  has  large  and 
controlled  specific  surface  area  and  porosity.  Consequently  this 
material  shows  higher  exchange  current  density  and  higher  lithium 
intercalation  capacity  than  some  commercially  available  type  of 
LiMn204. 

INTRODUCTION 

The  successful  developiiKnt  of  a  solid  polymer  electrolyte  based 
lithium  rechargeable  battery  technology  will  require  in  addition  to 
the  development  of  polymer  electrolytes,  the  development  of 
highly  reversible  high  energy  density  composite  cathodes.  Although 
VgO|3  has  been  extensively  used  in  the  past  in  the  formulation  of 
polymer  electrolyte  based  composite  cathodes  its  use  in  a 
"commercial"  battery  system  is  compromised  because  of  its  low 
average  discharge  voltage’  (2.4  Volts  versus  Li*/Li‘’).  It  is  most 
likely,  for  the  near  term  development  and  demonstration  activities, 
that  the  polymer  electrolyte  based  composite  cathodes  will  be  based 
on  high  voltage  lithium  intercalation  materials  such  as  LiCo02, 
LiNi02,  LiMn02,  and  Li,Mn204.  These  materials  generally  requite 
charge  voltages  in  the  range  of  4  to  4.S  volts  versus  Li'^/LP, 
consequently  necessitating  electrolytes  which  ate  stable  in  oxidation 
to  a  voltage  above  4.5  to  5  V.  Few  polymer  electrolyte  systems 
have  clearly  demonstrated  this  range  of  electrochemical  stability. 

In  addition,  polymer  electrolyte  based  composite  cathodes  must 
contain  a  large  volume  and  weight  fraction  of  the  lithium 
intercalation  material  in  order  to  achieve  a  high  energy  density. 
Most  if  not  all  of  the  polymer  electrolyte  based  composite  cathode 
formulations  repotted  to  date  also  contain  an  additive,  such  as 
carbon  or  graphite,  to  improve  electronic  conductivity.  Because  of 
the  lower  ionic  conductivity  of  polymer  electrolyte  systems, 
compared  to  liquid  electrolyte  systems,  the  composite  cathode 
structure  must  also  provide  sufficient  equivalent  porosity  to  enable 
ion  diffusion  in  and  out  of  the  composite  cathode  structure  without 
imposing  additional  polarizations.  Generally  composite  cathode 
structures  are  also  maintained  fairly  thin,  in  the  order  of  25  to  75 
pm,  in  order  to  optimize  the  utilization  of  the  active  cathode 
material  capacity. 

The  role  of  the  uniformity  '>f  the  particle  and  of  the  particle  size 
distribution  on  the  ele'  chemical  performance  of  lithium 
intercalation  materials  has  been  discussed  by  Deroo  et  al.  In  his 
study,  Deroo  demonstrated  the  critical  importance  of  achieving  a 
small  particle  size  with  a  narrow  particle  size  distribution  in  order 
to  obtain  high  and  uniform  reversible  utilization  of  the  cathode 
capacity. 


The  previous  characteristics  of  polymer  electrolyte  based  composite 
cathodes;  high  active  solids  content,  uniform  porosity,  and  reduced 
thickness,  impose  severe  processing  constraints. 

In  the  following  report  we  summarize  the  results  obtained  during 
the  characterization  of  lithium  intercalation  materials  in  three 
different  electrolyte  systems:  a  liquid  electrolyte  system  (PC- 
Li004),  a  PC-based  gel  electrolyte  system,  and  a  solvent  free 
polymer  electrolyte  system.  LiMn204  produced  from  two  different 
processes,  the  first  one  commercial,  the  second  proprietary  to 
Arthur  D.  Little,  and  commercial  V2OJ  have  been  evaluated  and 
their  performance  are  compared.  The  Arthur  D.  Little  LiMn204  has 
been  produced  using  a  continuous  process  which  yield  small 
LiMn204  particle  of  high  surface  area  and  high  porosity.  The  "as 
produced"  small  particle  LiMn204  has  a  bimodal  particle  size 
distribution  center^  around  average  particle  sizes  of  1  pm  and  4 
pm,  and  a  surface  area  of  approximately  18  m^/g.  SubseqiKnt 
processing  of  the  Arthur  D.  Little  LiMn204  yielded  small  particles 
in  which  the  dimensions  and  surface  area  yielded  a  single  mode 
distribution  centered  around  an  average  particle  size  of  0.6  pm. 


EXPERIMENTAL 

Liquid  electrolyte  system;  A  1  molal  solution  of  LiC104  (Aldrich) 
in  propylene  carbonate,  PC,  (Aldrich)  was  used  as  the  base  line 
formulation  for  the  liquid  electrolyte  systems.  These  liquid 
electrolytes  contained  less  than  40  ppm  of  water,  as  determined  by 
Karl-Fisher  coulometric  titration. 

PC-based  gel  electrolyte  system:  A  PC-based  gel  electrolyte  was 
obtained  by  the  admixing  of  UV-curabled  polymer  precursors,  PC, 
and  a  lithium  salt.  These  gel  electrolytes  were  UV-cured  (=200  W) 
for  1-2  minutes  after  being  over-coated  onto  the  cathode. 

Polymer  electrolyte  system:  A  polymer  electrolyte  was  obtained  by 
the  admixing  of  curabled  polymer  precursors,  a  low  vapor  pressure 
plasticizing  compound,  and  a  lithium  salt.  These  polymer 
electrolytes  were  cured  either  thermally  or  with  UV  light  after 
being  over-coated  onto  the  cathode. 

Cathode  materials  characterization:  All  cathode  materials  were 
characterized  using  a  Phillips  model  120-1010  x-ray  diffractometer 
(Cu  Kal,  1.5405  A)  .  Topography  and  surface  morphology  were 
qualitatively  evaluated  using  SEM,  Cambridge  Stereoscan  200. 
Surface  area,  pore  volume  distribution,  and  pore  size  distribution 
were  measured  using  N2  adsorption  (Micromeretics  ASAP2000) 
and  Hg  intrusion  (Micromeretics  PoteSizer  9320).  Densities, 
(envelope  and  skeletal)  were  measured  using  Hg  intrusion  and 
helium  pycnometry  (Micromeretics  1305).  Particle  size  and  particle 
size  distribution  were  evaluated  using  a  Microtrac  Full  Range 
Particle  Analyzer. 

Electrochemical  characterization:  3  electrodes  electrochemical  cells 
were  used,  lithium  metal  was  used  as  both  the  anode  and  the 
reference  electrode.  The  cell  apparent  surface  area  was 
approximately  5  cm^.  Resistive  and  capacity  contributions  were 
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evaluated  using  AC-impedance  spectroscopy  (Solartron  FRA- 1250 
and  ECI-1286)  in  a  frequency  range  from  65  kHz  down  to  0.1  Hz 
before  and  after  cycling  of  the  composite  cathode  materials. 
Exchange  current  densities  were  evaluated  using  the  resistive 
contribution  associated  with  the  charge  transfer  process. 


RESULTS 

Liquid  electrolyte  (base  line) 

LiMn204:  Comrtrercial  source 

The  commercial  LLN4n204  has  a  specific  surface  area  of 
approximately  6  m^/g.  Figure  l.a  presents  the  AC-impedance 
spectrum  of  a  LiMn204  cathode  material  obtained  from  a 
commercial  source.  Th^  features  are  clearly  identified  on  this 
spectrum:  1)  the  resistive  contribution  associated  to  the  electrolyte 
(=  0.6  £2),  the  resistive-capacitive  contributions  associated  to  the 
charge  transfer  process  within  the  cathode  (»5.2  Q,  -30  pF),  and  a 
diffusion  controlled  process  at  low  frequency. 

The  exchange  current  density  for  this  cormnercial  LiMn204  cathode 
material  was  evaluated  to  be  approximately  458  mA/g  After 
cycling,  the  AC-impedance  spectrum  (Figure  l.b)  shows  a 
significant  increase  in  the  value  of  the  charge  transfer  resistance. 

Charge/discharge  voltage  profiles,  between  2.5  and  4.2  V,  show  the 
two  voltages  plateau,  at  2.8  and  4.0  V,  corresponding  to  the 
reversible  intercalation  of  1 . 1  6  per  Mn204  (Fig.  2.a). 

LiMn204;  Arthur  D.  Little 

The  LiMn204  used  in  this  study  is  the  "as  produced"  material  and 
has  an  bimodal  particle  size  distribution  centered  around  an  average 
particle  size  of  1  pm  and  4  pm,  and  a  large  specific  surface  area  of 
approximately  18  m^/g.  Total  pore  surface  area  of  pores  having 
diameters  larger  than  0.01  pm  mainly  account  for  this  high  specific 
surface  area.  Figure  3.a  presents  the  AC-impedance  spectrum  of  a 
LiMn204  cathode  material  produced  using  Arthur  D.  Little’s 
process.  As  for  the  commercial  sample  of  LiMn204  cathode 
material  previously  described  in  Figure  1 ,  the  AC  spectrum  (Fig. 
3.a)  shows  three  features:  1)  the  resistive  contribution  associated 
with  the  electrolyte  (=1.3  £2),  2)  the  resistive-capacitive  contribution 
associated  with  the  charge  transfer  process  occurring  within  the 
cathode  (=1.3  £2,  =41  pF),  and  a  diffusion  controlled  process  at  low 
frequency.  The  exchange  current  density  was  estimated  to  be 
approximately  1465  mA/g. 

The  cycling  behavior  of  the  LiMn204  is  presented  in  Figure  2.b. 
Two  plateaus  are  observed.  The  ftrst  one  at  a  high  voltage  of 
approximately  4  V  and  the  second  one  at  an  average  voltage  of  2.8 
V.  The  initial  discharge  capacity  correspond  to  the  intercalation  of 
1.4  6  per  Mn204  (Fig.  2.b).  After  cycling  the  two  plateaus  are 
maintained  and  their  relative  proportion  is  preserved. 

Figure  3.b  presents  the  AC-spectrum  of  the  cathode  material  after 
cycling.  Contrary  to  what  was  observed  for  the  cathode  using  the 
commercial  LiMn204,  this  cathode  showed  a  decrease  of  it  resistive 
contribution. 


V2OJ:  Comrttercial  source 

Figure  4  presents  the  AC-impedance  spectra  of  a  completed  cell 
showing  mainly  the  lithium-electrolyte  interfacial  resistive- 
capacitive  contribution.  The  observed  (Fig.  5  and  6)  behavior  of  the 
V20j-based  cathode  under  low  current  density  cycling  regimes, 
initiaiiy  between  2.8  and  3.8  V  and  subsequently  between  2.0  anc 
3.8  V,  are  consistent  with  the  reported  behavior  of  V20j^. 

PC-Based  Gel  Electrolyte 

V2OJ:  Commercial 

Fugure  7  presents  the  AC-impedance  spectra  of  a  cell  made  of  a 
V20j-based  composite  cathode  /  PC-based  gel  electrolyte  /  Lithium 
anode  as  measured  before  and  after  cycling.  The  major  resistive 
contribution  is  associated  with  the  lithium  electrolyte  interface 
resistance.  The  PC-gel  electrolyte  conductivity  was  estimated  to  be 
near  1x10'^  S/cm  at  ambient  temperature.  Cycling  performance  of 
the  cell  are  reported  in  Figure  8  for  a  discharge  regime  of  =010 
between  2.0  and  3.8  V. 

Polymer  Electrolyte 

V2O5:  Commercial  source 

Figure  9  summarizes  the  evolution  of  a  V205-based  composite 
cathode  /  polymer  electrolyte  /  lithium  anode  cell  impedance  as  a 
function  of  time  after  fabrication.  The  cell  impedance  as  measured 
immediately  after  assembly  (•)  and  after  64  hours  (O)  are  reported. 
The  ceil  impedance  remains  mainly  constant  during  this  period  of 
time.  Charge/discharge  cycles,  between  2.8  and  3.8  V,  results  in  the 
reversible  intercalation  of  0.3  Li  /V2O5. 

LiMn204:  Arthur  D.  Little 

The  electrochemical  performance  characteristics,  at  a  cell  level,  of 
composite  cathodes  containing  a  mixture  made  of  small  particle 
size-LiMn204and  carbon  in  a  thermally  cured  polymer  electrolyte 
matrix  are  presented.  These  cells  have  been  tested  using  polymer 
electrolyte  formulations  which  provide  sufficient  ionic  conductivity 
at  ambient  temperature.  Evolution  of  the  cell  resistance,  before  and 
after  cycling,  as  measured  by  AC-impedance  will  be  discussed. 
Cycle  life  performance  will  also  be  reported.  This  experimental 
work  is  currently  in  progress.  Detail  results  will  be  repotted. 

CONCLUSIONS 


Arthur  D.  Little  has  developed  a  fast  continuous  process  (reaction 
time  of  less  than  1  minute)  for  the  production  of  lithium 
intercalation  compounds  in  the  form  of  small  particle  of  controlled 
particle  size,  particle  size  distribution,  and  porosity.  This  process 
has  been  used  for  the  production  of  the  cubic  spinel  LiMn204. 
Characterization  of  the  electrochemical  performance  at  the  cell 
level  demonstrated,  that  the  LiMn204  produced  using  Arthur  D. 
Little’s  process,  has  a  high  exchange  current  density  which  is 
attributed  to  the  increase  in  surface  area  of  the  cathode  material. 
This  attribute  is  beneficial  when  the  LiMn204  is  integrated  in  gel- 
polymer  electrolyte  and  polynrer  electrolyte  systems  having  limited 
ionic  conductivity. 
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Flfure  1:  AC-impedance  spectra  of  a  cathode  made  using 
commercially  available  LiMn204  ,  in  a  PC-LiQ04  liquid 
electrolyte,  tefoie  (•)  and  after  cycling  (o)  at  a  charge  discharge 
rate  of  =<75 

sc, —  - 


Figure  2:  Voltage  profile  of  LiMn204-based  cathodes  in  liquid 
electrolyte  during  charge/discharge  at  =<710  rate,  commercial 
LiMn204  ( — •)  and  Arthur  D.  Little  produced  LiMn204  (— ■•)  . 


Figure  4:  AC-impedance  spectrum  of  a  Li/PC-LiC104 
electrolyte/V20j  cell  before  cycling  at  ambient  temperature 


'  I 


time  (hour:?) 

Figure  5:  Voltage  profile  of  V205-based  cell  in  PC-LiC104 
electrolyte,  cycled  between  2.8  and  3.8  V 


Z/ohm 

Figure  3:  AC-impedance  spectra  of  a  cathode  made  using 
LiMn204  produced  using  a  continuous  process  developed  at 
Arthur  D.  Little,  in  a  PC-LiC104  liquid  electrolyte,  before  (•)  and 
after  cycling  (O)  at  a  charge  discharge  rate  of  =05 
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Figure  6:  Voltage  profile  of  V20j-based  cell  in  PC-LiOO, 
electrolyte,  cycled  b^een  2.0  and  3.8  V 
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Figure  9:  AC-impedance  spectnim  of  a  Li/  polymer 
electrolyte/V205  cell  before  (O)  and  after  (•)  aging  at  ancient 
temperature 


Figure  7;  AC-impedance  spectrum  of  a  Li/  PC-gel  electrolyte/VjOj 
cell  before  (O)  and  after  (□)  cycling  at  ambient  temperature 


Figure  8:  Voltage  profile  of  VjOj-based  cell  in  PC-gel  electrolyte, 
cycled  between  2.0  and  3.8  V 
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The  feasibility  of  Li  solid  polymer  rechargeable  batteries 
has  been  established  as  a  result  of  the  recent  development  of 
ambient  temperature  solid  polymer  electrolytes  with  conductivities 
on  the  order  of  lO'^  S/cm.  One  limitation  in  the  performance  of 
present  polymer  electrolyte  batteries,  including  tho.se  presently 
under  development,  is  caused  by  the  existing  designs  of  the 
electrode  structures.  The  program  at  the  University  of  Minnesota  is 
focused  on  a  comprehensive  and  coordinated  study  of  novel 
microporous  cathode  structures  that  will  lead  to  a  new  generation  of 
improved  polymer  batteries.  The  conventional  approach  to 
electrode  design  is  to  fabricate  composite  structures  of  small 
electroactive  particles  mixed  with  conductive  carbon  particles,  and 
perhaps  with  the  polymer  electrolyte.  The  particle  size  of  the 
electroactive  materials  is  usually  above  I  micrometer,  and  often 
above  100  micrometers.  In  the  present  study,  the  conventional 
composite  electrode  is  compared  to  the  behavior  of  electrode 
structures  produced  by  two  new  approaches.  The  first  approach  is 
to  synthesize  novel  electrode  structures  based  on  interpenetrating 
bicontinuous  networks  that  will  provide  very  high  surface  areas  and 
small  pores.  The  second  approach  is  to  prepare  microporous 
electrodes  by  drying  and  processing  hydrogels  derived  from  sol-gel 
techniques.  The  two  approaches  have  yielded  electroactive  VjO, 
intercalation  electrodes  with  surface  areas  above  300  m’/g.  The 
synthesis  and  processing  activities  are  complemented  by  a  study  of 
intercalation  electrode  materials  that  are  silanized  derivatives  of 
V;0,.  We  are  engaged  in  a  program  to  assess  the  relationship 
between  the  morphology  of  the  active  materials,  the  structure  of  the 
electrodes,  the  type  of  electrodes  and  the  mechanisms  of  the 
faradaic  processes  at  the  positive  electrode.  We  are  specifically 
interested  in  increasing  the  rate  capability  of  lithium  polymer 
batteries. 

Solid  oxide  cathode  materials  which  may  host  the  insertion 
of  lithium  ions  have  been  of  great  interest  for  use  in  high  energy 
batteries.  Such  materials  offer  the  possibility  for  high  performance 
batteries  because  of  their  high  theoretical  specific  energy,  which  is 
linked  to  the  large  departure  of  the  chemical  potential  of  inserted  Li 
below  that  of  the  pure  metal.  As  illustrated  hv  Figure  1,  the  various 
host  compounds  offer  a  wide  range  of  •.  ating  voltages.  The 

materials  also  show  a  considerable  in  the  degree  of 

lithium  ion  insertion. 

Development  efforts  in  this  field  have  resulted  in 
commercial  Li-ion  batteries,  as  well  as  various  prototype  batteries 
with  limited  performance  and  reliability  in  most  cases.  The  lithium 
polymer  battery  is  an  active  area  for  research  at  present,  both  for 
small  cells  for  computer  and  microelectronics  applications,  and 
large  cells  for  electric  vehicles.  The  polymer  electrolyte  batteries 
utilize  various  oxides  of  vanadium  as  the  cathode  intercalation  host. 
Vanadium  oxide  hosts  are  attractive  because  the  theoretical  specific 
energies  for  such  cathodes  with  lithium  anodes  can  be  greater  than 
1000  Wh/kg,  and  they  are  less  reactive  toward  polymer  electrolytes 
than  the  lithiated  oxides  of  cobalt,  nickel,  and  manganese. 
However,  the  experimental  cells  fabricated  with  vanadium  oxide 
cathodes  suffer  from  a  number  of  problems  including  a  declining 
capacity  with  each  cycle  as  well  as  generally  poor  performance  at 
high  rates  of  charge  or  discharge. 

The  focus  in  the  present  program  has  been  on  V^O,,  and 
V2O,  materials  which  have  shown  promise  in  various  development 
programs.  The  former  oxide  material  is  probably  the  most  widely 
used  cathode  host  in  polymer  batteries,  and  it  has  been  used  in 
previous  work  at  this  laboratory  as  well.  It  is  prepared  by  pyrolysis 
of  ammonium  metavanadate.  Careful  control  of  the  pyrolysis 
conditions  are  essential  in  order  to  obtain  high  capacity  VfO,,- 


V^Oi,  is  prepared  by  a  sol-gel  technique  wherein  a  solution  of 
sodium  metavanadate  is  passed  through  an  ion  exchange  column  in 
order  to  replace  the  sodium  ion  with  hydrogen  ion.  The  acidic 
solution  is  collected  and  allowed  to  set  without  disturbance  for 
weeks  or  months,  during  which  time  fibrils  and  ribbons  self- 
assemble  in  solution  and  pass  through  the  sol  to  a  gel  stage  that 
continues  to  mature  with  time.  The  hydrogel  V.O,  has  atuacted 
widespread  interest  because  of  its  versatility  and  properties  as  an 
oxidant  and  host  for  metal  cations. 

The  V„0|i  material  is  being  studied  in  composite  electrodes 
with  carbon  additives.  The  relationship  of  the  performance  to  the 
active  material  particle  size  and  surface  area  are  being  assessed  as  a 
function  of  rate  at  both  ambient  and  elevated  temperatures,  with 
liquid  electrolytes.  The  maximum  insertion  of  eight  lithium  ions 
can  be  obtained  at  elevated  temperatures  on  the  first  cycle,  but  for 
continuous  cycling  at  ambient  temperature  at  a  modest  rate  (i.e., 
C/10),  about  50  percent  of  the  maximum  amount  of  lithium  ion 
insertion  is  obtained  between  the  working  voltages  of  3.4  V  charge 
and  1.9  V  discharge,  under  galvanostatic  conditions.  Very 
reproducible  discharge  behavior  is  observed  for  particle  diameters 
between  5  microns  and  100  microns.  Our  results  for  these  materials 
in  relatively  thin  electrode  structures  does  demonstrate  that  rate 
limitations  arising  from  diffusion  phenomena  within  the  individual 
particles  is  partially  overcome  with  small  particles. 

Examination  of  a  composite  mixture  of  small  particle  size 
VfiOij  and  carbon  particles  shows  the  Vf,0|.r  particles  to  be  5 
microns  or  less  in  diameter,  and  the  carbon  particles  are  0. 1  microns 
or  less.  The  composite  was  well  mixed  and  there  was  no  obvious 
agglomeration  of  particles.  Agglomeration  of  particles  was  seen  for 
another  mixture  made  of  100  micron  diameter  particles. 
Agglomeration  phenomena  such  as  this  will  not  support  high  rate 
insertion  processes. 

V.Os  xerogel  electrodes  may  be  prepared  with  different 
mo^hologies  and  surface  areas  by  controlled  processing  and 
drying.  Spin  coated  thin  films  are  dense  and  have  smooth  surfaces. 
Dip  coated  films  may  be  dense  when  dried  slowly  or  porous  when 
dried  rapidly.  In  both  cases  the  material  has  been  dried  under 
vacuum  to  a  final  composition  of  VjO,»O.5H:0.  The  remaining 
water  is  held  tenaciously  and  is  released  only  when  the  material  is 
heated  above  300°C. 

A  discharge  curve  obtained  for  a  spin  coated  xerogel  V;0, 
(XRG)  film  under  linear  sweep  voltammetry  conditions  shows  that 
about  three  lithium  ions  are  inserted  between  3.8V  and  1.9  V.  This 
corresponds  to  an  experimental  energy  density  of  1137  watt-hours 
per  kilogram  of  electroactive  cathode  material.  A  comparison  of 
these  results  with  the  theoretical  energy  density  of  several  other 
insertion  materials  is  shown  in  Table  1,  and  shows  that  XRG  films 
are  superior  on  this  basis. 

Multiple  continuous  discharge/charge  cycles  have  been 
performed  on  a  V^O,  (XRG)  film.  The  film  retained  over  60 
percent  of  the  original  capacity  after  1000  cycles,  and  the  'lost' 
capacity  could  be  recovered  by  holding  the  electrode  at  3.8  V  for 
several  hours  at  the  end  of  the  ICXX)  cycle  test.  The  coulombic 
efficiency  of  the  first  and  second  cycles  was  94  and  98  percent 
respectively.  The  coulombic  efficiency  of  individual  cycles  was 
99.9  percent  after  150  cycles.  Concurrent  mass  (quartz  crystal 
microbalance)  and  charge  measurements  show  that  only  lithium 
ions  are  in.serted  and  released  in  this  sy.stem.  and  that  mass 
reversibility  is  also  observed  over  an  individual  cycle.  No  water 
was  released  from  the  cathode  XRG  material  during  the  cycling. 

Both  of  the  vanadium  oxide  materials  used  in  the  present 
■Study  .show  that  the  rate  of  insertion  of  lithium  ions  is  limited  by 
diffusion  within  the  solid  oxide  and  not  by  the  surface  injection 
rate.  For  thin  composite  electrodes,  utilization  of  the  electrode  will 
be  inversely  proportional  to  the  discharge  (charge)  current  and 
directly  proportional  to  the  electrode  thickne.ss  or  mass  loading. 
Limitations  of  tran.sport  in  the  electrolyte  pha.se  will  eventually 
become  the  dominant  phenomena  for  thick  electrodes  and  will 
cause  the  utilization  to  decrease  with  thickness  or  mass  loading. 
The  tran.sport  limitations  may  be  caused  by  resistance  limitations 
(ohmic  drop)  in  the  electrolyte  in  the  pores,  or  by  diffusion  in  the 
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pores  when  all  the  lithium  ions  are  inserted  into  the  host  material. 
The  maximum  current  for  a  given  utilization  may  be  obtained  from 
such  an  analysis,  and  will  be  used  for  design  purposes. 

From  the  results  of  the  present  study,  it  has  been  possible  to 
develop  the  experimental  relation  between  the  specific  power  and 
specific  energy  as  expressed  per  unit  mass  of  the  oxide  electrode 
materials.  Inclusion  of  the  equivalent  amount  of  lithium  in  the  mass 
would  reduce  the  values  by  about  10  percent,  and  therefore  it  is 
seen  that  very  thin  cathodes  are  capable  of  a  relatively  high  level  of 
performance.  Of  course,  the  incorporation  of  such  thin  cathodes 
into  full  size  battery  designs  will  further  reduce  the  values  by  a 
considerable  amount. 

Further  studies  are  in  progress  to  analyze  performance  of 
thicker  films  as  well  as  electrode  matrix  designs  that  may  retain 
some  of  the  high  levels  of  performance  in  larger  scale  electrode  and 
battery  designs. 


This  research  was  supported  by  ARPA,  Contract  N/N00I4- 
92-J-1875. 
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Figure  1 .  Redox  Scale  for  Li  Intercalation  Materials  and  Reagents 
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Abstract 

This  paper  reports  on  the  electrochemical  perfonnance 
of  the  pdyaciylonltrile  (PAN)-baaed  Li/Li,CoO]  and  CVliiCoOj 
cells.  PAN-based  polder  electrolyte  exhibited  ionic 
conductivity  exceeding  Ity’  S/cm  in  the  temperature  range  of 
-20^  to  100°C,  and  an  electrochemical  stability  window  ^  23 
to  4.3  wdts.  The  perfonnance  characterization  of  the 
li/SPE/Li^CoOi  cells  employing  the  PAN-baaed  pcdymer 
electrolyte  indicated  diacharge  rate  capability  up  to 
0.S  mA/cm^  (C)  during  the  continuous  cycling  and  3  mA/cm* 
(6C)  in  the  pulse  discharge  mode.  Extended  cycle  life  was 
obtained  at  W  to  90  percent  depth  of  discharge.  In  the  PAN- 
based  CVLi^CoO]  celb  using  Calcined  Petroleum  Coke  as  the 
carbon  anode,  lithium  ion  intercalation  to  Lio.4C«  was  achievable 
during  the  charge  and  discharge  cycling. 


Introduction 

Continued  effort  is  being  devoted  to  the  development  of 
polymer-based  rechargeable  lithium  batteries,  since  such  power 
tystems  have  the  key  advantages  of  high  energy  density  and 
packaging  flexibility. 

The  development  of  the  third  generation  polymer  gel 
electrolyte  expands  system  performance  capabilities  to  allow  for 
the  potential  applications  of  the  rechargeable  lithium-polymer 
batteries  at  ambient  and  subambient  temperatures.  Such  gel- 
type  systems,  obtained  by  immobilizing  metal  salt  solvates  in  a 
mixture  of  eAylene  carbonate  (EC)  and  y-butyrolactone  (Y'BL) 
or  propylene  carbonate  (PC)  in  a  polyaciylonitrile  (PAN) 
matrix,  exhibited  an  ionk  conductivity  exceeding  lO*’  S/cm  at 
ambient  and  subambient  temperatures.  Good  dimensional 
stability  was  also  demonstrated  in  such  polymer  electrolyte  films 
as  thin  as  2S  /im  using  the  known  Etan-processing  techniques, 
such  as  drawdown  rod  and  doctor-blade. 

Recently,  the  «q>loration  of  using  such  gel-type  tystems 
in  a  Tithium-ion”  cell  has  attracted  a  consistent  renewed 
attention  due  to  its  potential  of  long  cycle  life  and  safe 
operatitm.  In  this  effort  we  have  evaluated  the  performance 
characteristics  of  the  p<dymer-based  "rocking  chair"  cell,  a  PAN- 
based  C/UjCoO]  cell  using  petroleum  coke  (Conoco)  as  the 
anode  material. 

In  this  paper,  the  electrochemical  performance  of  the 
PAN-based  U/LiJCoOj  ceU  was  evaluated  by  charge/discharge 
cycling  at  various  current  densities  and  temperatures.  The 
preliminary  results  on  the  performance  characteristics  of  PAN- 
based  C/L^CoO}  ceil  are  also  discussed. 


R?g9riineiityil 

The  polymer  electndyte  and  the  LiCoO,  cathode  fii™ 
were  prepa^  by  the  standard  film  drawing  technique.  The 
components  at  the  desired  ratio  were  first  dissolved  in  die 
solvent  blend  of  ethylene  carbonate  (EC)  and  y-butyrolactoae 
(y-BL)  at  elevated  temperature  with  continuous  sturing.  The 
homogeneous  viscous  sohitkm  thus  obtained  was  ca^ed  onto 
die  substrate  using  either  the  "doctor  blade"  or  the  drawdown 
rod  technique. 

A  two-electrode  laboratory  cell  for  (ycling  test  consisted 
at  a  lithium  foil  or  a  thin  film  carbon  anode,  a  PAN-based 
polymer  electrolyte  film  and  a  LiCoO,  cathode  film  on  a 
current  collector.  The  laminate  was  placed  between  two 
dielectric  plates,  encapsulated  in  the  aluminized  trilaminated 
pouch  and  heat  sealed.  The  charge/discharge  cycling  tests  were 
conducted  on  the  battery  test  station  (MACCOR). 

All  material  handling  and  cell  fabrication  were 
conducted  in  a  dry  room  with  a  controlled  humidity  (<2% 
RH). 

Results  and  Discussion 

Electrochemical  Perfonnance  of  the  PAN-based  Li/U-CoO, 
Cell 

The  PAN-based  prdymer  electrolyte  deveirqied  in  this 
study  had  an  ionk  conductivity  exceeding  10'’  S/cm  in  the 
temperature  range  of  -20“C  to  100"C[1].  The  PAN-based 
Li/LijCoOj  cell  was  assembled  in  the  discharged  state  and 
showed  an  (^n  circuit  voltage  (CX^V)  of  3.2  volts.  The  cells 
had  an  electrode  area  of  10  cm’  and  a  theoretical  capacity  of 
approximately  10  mAh.  The  freshly  built  cells  were  subject  to 
charge/discharge  cycling  and  pulsing  test  at  various  rates  and 
temperatures  to  demonstrate  ^e  electrochemical  performimce. 

Figure  1  shows  the  typical  discharge  voltage  profiles  at 
various  temperatures.  At  room  temperature  and  above,  the 
qrstem  exhibited  an  average  3.8  volts  in  discharge  cycles,  while 
a  slightly  lower  discharge  voltage  was  observed  at  0°C.  The 
discharge  rate  capability  is  defined  in  Figures  2  and  3.  In  the 
pulsing  experiments,  a  blty  charged  cell  was  subjected  to  S-sec 
discharge  pulses  at  various  rates.  The  results  indicated  that  the 
cell  was  capable  of  maintaining  3.3  volts  at  3.0  mA/cm’  (6C). 
Figure  3  cemipares  the  voltage  profiles  of  the  cells  at  various 
discharge  rates  under  the  continuous  cycling  mode.  The 
average  3.8  volts  discharge  characteristics  were  clearly 
demonstrated  for  discharge  rates  up  to  0.3  mA/cm’.  Cycling  at 
C  rate  (O.S  mA/cm’)  was  also  possible  although  sligh%  lower 
discharge  voltage  was  observed.  The  cyclability  of  the  cell  is 
illustrated  in  Figure  4.  The  cycle  life  ISO  to  200  cycles  was 
achieved  at  various  charge  and  duchaige  rates. 
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Figure  1.  Typical  discharge  voltage  profiles  as  a  function  of 
temperature  of  Li/SPE/LijCoOj  cell. 
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Figure  4.  Cycle  life  performance  of  Ii/SFE/Li,Co02  cells  at 
room  temperature. 


Figure  2.  Rate  capability  during  pulse  discharge  of 
Li/SPE/Li,CoOj  cell. 


Performance  Characteristics  of  the  PAN-based  CTLLCoO^  CeU 

The  feasibility  of  using  Petroleum  coke  as  the 
negative  electrode  in  the  PAN-based  polymer  rechargeable  cell 
was  evaluated.  The  carbon  anode  for  the  polymer-baaed 
CVLi^CoOj  cell  was  processed  using  the  same  technique  as  for 
processing  the  cathode  6im.  Petroleum  coke  can  intercalate 
Li  to  a  composition  limit  of  LiojC^,  equivalent  to  a  gravimetric 
specific  capacity  of  0.186  Ah/g.  Figure  5  shows  the  charge  and 
discharge  voltage  profiles  of  a  PAN-based  C/LiiCoOj  cell 
equipped  with  a  Li  reference  electrode.  The  achievable 
capacity  with  C/20  charge  and  C/S  discharge  rates  yielded  a 
stokhiometiy  of  Lio.4C(.  The  rate  capability  of  the  cell  was 
examined  by  pulsing  a  fully-charged  cell  at  various  current 
densities.  The  results  summarized  in  Figure  6  indicated  that 
the  cell  maintained  2.7  volts  in  discharge  at  1  mA/cm^ 
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Figure  3.  Rate  capability  under  continuous  cycling  mode  of 
Li/SPE/LijCoOj  cells. 


Figure  5.  Charge  and  discharge  voltage  profiles  of  a  PAN- 
based  C/LijCoO,  cell  at  room  temperature. 
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TMIE:  SECONDS 

Figure  6.  Pulse  discharge  profile  of  a  PAN-based  C/Li^CoOj 
cell  at  room  temperature. 
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SOLID-STATE  CARBONOJNiO,  PULSE  POWER  BATTERIES 

M.  Alamgir,  N.  Maichese  and  K.  M.  Abraham 
EIC  Laboratories,  Inc. 

Norwood,  Massachusetts  02062 


Solid-state  carbon/LiNiOt  cells  and  two-cell  bipolar  batteries 
containing  PAN-EC/PC-LiN(CF,SO^  solid  polymer  electrolytes 
have  demonstrated  high  rate  capabilities  at  room  temperature  with  an 
ability  to  sustain  pulsed  discharge  currents  as  high  as  MmA/cm^  The 
carbon/LiNiOi  cells  retained  :^0%  of  the  initial  cell  capacity  after 
150  full  depth  of  discharge  and  charge  cycles. 

Introduction 

Bipolar  batteries  consist  of  current  collector  plates  whose  opposite 
sides  ate  coated  with  the  cathode  and  the  anode  materials.  The 
electronically  conducting  but  ionically  insulating  bipolar  plates 
shorten  the  electronic  patiiway  between  individual  cells  and,  conse¬ 
quently,  bipolar  batteries  have  lower  resistance  than  those  cotifigured 
from  a  stack  of  series-connected  cells  [1].  The  internal  resistance  of 
bipolar  batteries  is  independent  of  the  cell  size.  As  a  result,  these 
batteries  are  especially  suitable  as  high  current  pulse  power  sources, 
since  the  power  (P)  of  a  battery  is  inversely  proportional  to  the 
resistance  (R). 

P  =  VI  =  V*/R  (1) 

Bipolar  batteries  based  on  liquid  electrolytes  generally  suffer  from 
high  rates  of  self-discharge,  due  to  intercell  leakage  currents  caused 
by  the  wicking  of  the  electrolytes  over  the  edge  of  tlu:  bipolar  plate. 
Consequently,  fabrication  of  such  batteries  using  liquid  electrolyte 
is  a  major  engineering  challenge.  Bipolar  batteries  containing  solid 
electrolytes  are  expected  to  be  free  of  these  drawbacks. 

There  is  considerable  current  interest  in  developing  solid-state 
batteries  based  on  highly  conductive  polymer  electrolytes-  both 
solvent-free  and  plasticized  [2,3].  However,  only  the  latter  electro¬ 
lytes  have  sufficiently  high  conductivities  (i.e.,  etlO  ’ohm  'cm  ')  to 
enable  the  development  of  batteries  for  room  temperature  operation. 
The  polyacrylonitrile  (PAN>-based  solid  electrolytes  developed  at 
EIC  belong  to  this  class  of  electrolytes  [3].  Using  these  electrolytes, 
we  have  fabricated  solid-state  carbon/LiNiO:  cells  and  bipolar  bat¬ 
teries  and  studied  their  continuous  and  pulsed  discharge  performance 
at  room  temperature. 

Experimental 

PAN-based  solid  electrolytes  were  prepared  as  before  [4].  First 
the  polymer  was  dissolved  in  a  solution  of  LiN(CF, 802)2  ethylene 
carbonate  (EC)  and  propylene  carbonate  (PC)  at  13S°C.  Electrolytes 
of  75-  100  pm  thickness  were  then  prepared  by  casting  the  resulting, 
highly  viscous  solution  between  PIPE  shims  and  cooling  to  room 
temp^tute.  Carbon  composite  anodes  were  made  by  pressing  a  blend 
of  Conoco  XP  petroleum  coke  and  PAN-EC/rc-LiN(CFjS02)2 
electrolyte  onto  a  Ni  substrate.  LiNi02  used  as  the  cathode  was 
synthesized  by  reacting  NiC03  and  LiN03  in  Oj  atmosphere.  LiNiOj 
composite  cathodes  were  prepared  from  a  mixture  of  LiNi02,  Chevron 
carbon  and  PAN-EC/PC-LiN(CF3S02)2  electrolyte  by  pasting  the 
mixture  on  a  stainless-steel  current  collector.  Bipolar  electrodes  were 
fabricated  by  pressing  the  LiNi02  and  the  carbon  electrode  mixtures 
on  the  oppoate  sides  of  a  25  pm  stainless-steel  substrate.  Car- 
bon/LiNi02  single  cells  and  two-cell  bipolar  batteries  were  fabricated 
by  sandwiching  the  polymer  electrolyte  between  the  composite 
electrodes,  monopolar  or  bipolar,  and  sealing  the  package  in  metal¬ 
lized  plastic  bags. 


Equation  (1)  reveals  that  besides  by  lowering  the  resistance,  the 
power  of  a  battery  is  increased  by  increasing  its  voltage.  The  LiNi02 
cathode  is  desirable  in  this  respect,  since  the  Li/LiNiO,  cell  exhibits 
a  load  potential  of  about  4V  (Rg.  1).  The  LiNi02  cathode  is  also 
characterized  by  the  high  capacity  of  -150  mAh/g  and  good  revers¬ 
ibility.  While  the  high  voltage  of  LiNi02  imposes  constraints  on  the 
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Figure  1.  The  room  temperature  cycling  performance  of  a  Li(LiNiC)2 
ceU  containing  a  PAN-EC/PC-LiN(CF,S02)3  electrolyte. 

choice  of  oxidatively  stable  solid  polymer  electrolytes,  the  PAN-based 
electrolytes  have  been  found  to  be  both  chemically  and  electro- 
chemically  stable  for  use  in  conjunction  with  4  V  metal  oxide  cathodes. 
At  room  temperature,  these  el^irolytes  have  a  high  conductivity  of 
about  1.5xl0'^n''.cm''.  The  conductivities  of  two  PAN-based  elec¬ 
trolytes  having  the  compositions  of  12  w/o  PAN-40  w/o  EC740  w/o 
PC-  8  w/o  LiN(CF,S(^2  and  10  w/o  PAN-40.5  w/o  £040.5  w/o  PC- 
9  w/o  LiN(CF,S02)2  in  the  temperature  range  of  - 10  to  50‘C  are  shown 
in  Figure  2. 
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Figure  2.  The  conductivities  of  two  PAN-EC/PC-LiN(CF3S02)2 
electrolytes  as  a  function  of  temperature. 

The  PAN-based  solid  electrolytes  are  also  chemically  and  eiec- 
trochemically  stable  in  contact  with  Conoco  petroleum  coke,  a  gra¬ 
phitic  carbon  intercalation  anode,  which  exhibits  a  net  reversible 
capacity  of  -0.5  Li  per  C<  [3].  There  is  a  deintercalation  inefficiency 
of  about  0.25  Li  per  Q  in  the  first  cycle  due  to  the  reduction  of  the 
electrolyte. 

The  performance  of  carbon/LiNi02  cells  containing  the  PAN- 
EC/PC-LiN(CF, 802)2  electrolytes  was  evaluated  first  in  10  cm^  cells 
using  a  continuous  diwharge  current  of  0.1  mA/cm^.  The  cells  were 
cycled  usually  between  2.0  and  4.0V  at  room  temperature.  Figure  3 
shows  the  fust  two  charge  and  discharge  plots  of  a  carbon/LiNiOj  cell. 
Tte  cell  capacity  was  limited  by  the  anode.  Upon  activation  in  the 
first  charge,  a  capacity  of  20.7  mAh  was  obtained.  This  corresponds 
to  an  intercalation  of  0.78  mole  of  Li  per  mole  of  Q,  forming  Lio  nQ, 
and  a  deintercalation  of  0.59  mole  of  Li  from  LiNi02.  forming 
Li,4,Ni02  in  the  first  charge.  In  the  following  discharge,  a  capacity 
of  1 18  mAh  at  a  discharge  voltage  of  3.6V  was  obtained.  This  implies 
a  33%  loss  in  capacity  in  the  first  cycle,  stemming  mostly  from  the 
carbon  anode. 


Figure  3.  The  fust  two  charge  and  discharge  plots  of  a  carbon/LiNiO, 
ceU  at  0. 1  mA/cm^  at  room  temperature.  The  capacities  of  the  LiNiO, 
and  the  carbon  etecuodes  were  35.0  and  26.h  mM,  respectively,  based 
on  intercalation  capacities  of  1  Li  per  LiNiO]  and  1  Li  per  C*. 

Figure  4  compares  data  for  three  cells  in  which  the  ratio  of  the 
active  materials  in  the  cathode  to  that  in  the  anode  was  varied.  For 
high  cathode  to  anode  ratios,  there  is  an  excess  of  charge  input  due  to 
plating  of  Li  on  the  carbon  electrode  during  the  fust  charge.  As  more 
and  more  Li  is  plated  onto  the  carbon  ano^  in  the  course  of  cycling, 
the  cell  voltage  increasingly  resembles  that  of  a  Li/LiNiO,  cell,  as 
evidenced  by  the  increasingly  higher  and  flatter  discharge  plateau  of 
the  cell  in  Figure  4a.  On  the  other  hand,  when  the  anode  is  in  excess 
compared  to  the  cathode  material,  charging  the  cell  to  4.0V  does  not 
permit  its  full  intercalation  (Hg.  4b).  The  charge  voltage  is  reached 
more  at  the  expense  of  the  cr^ode  voltage  thw  of  the  aiuxle.  On 
discharge,  the  cell  delivers  low  load  voltage.  In  both  of  these  cases 
the  rechargeability  for  the  cell  was  poor. 

When  the  cathode  to  anode  mole  ratio  is  about  1.30,  the  LiNiOj 
and  the  carbon  electrode  appear  to  be  fully  deintercalated  and  fully 
intercalated,  re^ctively,  in  the  fust  charge.  The  cell  then  shows 
excellent  rechargeability  on  subsequent  cycling.  This  is  evident  by 
the  data  in  Figure  4c  for  a  cell  cycled  more  than  ISO  cycles.  At  the 
end  of  this  cycling,  the  ceil  retained  -80%  of  its  initial  discharge 
capacity  at  0.2  mA/cm^. 

To  exhibit  good  cyclability ,  a  carbonA,iNiO}  bipolar  battery  must 
not  only  have  an  optimum  ratio  between  the  cathode  and  the  anode 
active  materials  in  the  cells  comprising  the  battery,  but  also  a  careful 
balatKe  among  the  capacities  of  the  individual  cells.  This  can  be 
illustrated  by  the  data  in  Figure  S.  When  there  is  a  significant 
imbalance  in  the  capacity  of  tire  cells  as  it  is  the  case  in  Figure  5a,  the 
cyclability  of  the  battery  is  poor.  The  capacity  ratio  for  Cell  A  to  cell 
B  in  this  battery  was  0.7 1.  When  the  two  cell  capacities  are  matched 
as  in  Figure  5b,  the  bipolar  battery  demonstrates  attractive  charge  and 
discharge  behavior.  The  ratio  of  the  capacity  of  Cell  A  to  that  of  Cel) 
B  for  the  battery  in  Figure  5b  was  0.98. 

Both  carbon/LiNiOi  single  cells  and  two  cell  bipolar  batteries 
were  galvanostatically  pulsed  at  a  series  of  discharge  currents  between 
1  and  50  mA/cm^.  The  pulsewidth  was  varied  between  10  and  50  ms 
and  the  interpulse  relaxation  time  was  kept  at  5x  pulsewidth. 

Figure  6  shows  the  initial  pulses  of  a  carbon/LiNiOj  single  cell 
discharged  at  a  current  density  of  10  mA/cm‘.  The  pulselength  was 
10  ms.  The  initial  load  voltage  at  this  current  was  about  3V.  The 
voltage  traces  in  Figure  6  show  rapid  response  of  the  cell  voltage  to 
the  applied  current  as  well  as  its  fast  recovery  when  the  current  was 
turned  off.  This  suggests  fast  kinetics  for  the  intercalation/deinter¬ 
calation  processes  in  both  the  LiNiO}  cathode  and  the  carbon  anode. 
At  total  of  32,500  pulses  to  a  cutoff  of  2.0V  were  obtained.  This 
translates  into  a  total  discharge  capacity  of  8.9  mAh,  which  compares 
well  with  the  crqracity  of  12  mAh  obtained  when  the  cell  was  con¬ 
tinuously  cycled  at  a  current  density  of  0.2  m  A/cm^  The  ON  and  OFF 
voltages  for  the  cell  when  pulsed  at  10  mA/cm^  are  displayed  in  Figure 
6b. 

Figure  7  shows  the  initial  voltage  profiles  of  a  two-cell  car- 
bon/LlNiOj  bipolar  battery  pulse  discharged  at  2  mA/cm^  for  10  ms. 
Table  1  gives  the  specifications  for  this  battery.  The  battery  delivered 
a  total  of  150,000  pulses  or  6.3  mAh  of  capacity  at  a  load  voltage  of 
7.5V. 


Figure  4.  Effect  of  different  cathode:anode  mole  ratios  on  the  room 
temperature  cyclability  of  carbon/LiNi02  ceils.  Cathode  to  anode 
mole  ratios,  a)  1.79;  b)  0.73;  c)  1.33. 

When  the  current  was  increased  to  10  mA/cm*,  the  average  dis¬ 
charge  voltage  decreased  to  about  6.5V.  A  total  of  22,500  pulses  (or 
4.7  mAh  of  capacity)  were  obtained  (Fig.  8).  The  battery  could  also 
be  discha^ed  at  a  high  current  density  of  50  mA/cm  (Fig.  9).  The 
load  voltage  at  this  current  density  was  about  5V. 

The  preceding  data  demonstrate  the  usefulness  of  the  PAN-based 
solid  electrolytes  in  solid-state  carbon/LiNiOj  cells  and  bipol^  bat¬ 
teries  for  room  temperature  application.  Both  single  cells  and  bipolar 
batteries  showed  good  rechargeability,  and  pulsed  discharge 
capability  at  currents  as  high  as  50  mA/cm^. 
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Table  1.  Specifications  for  the  ?.-cell  carbon/LiNiO^  bipolar  battery 
pulse  discharged  at  different  currents  at  room  temperature. 


Capacity 

(mAh) 

Capacity  Ratio 
(UNiOjiCarbon) 

Capacity  of 
CeU  A  to  Cell  B 

CeU  A 

LiNiOj 

9.3 

1.37 

Carbon 

7.1 

1.05 

CeUB 

LiNiOi 

9.7 

1.31 

Carbon 

7.1 

TIME,  ms 
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PERFORMANCE  CHARACTERISTICS  OF  LITHIUM  ION 
POLYMERIC  ELECTROLYTE  CELLS 
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Jet  Propulsion  Laboratory,  California  Institute  of  Technology 
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Abstract 

A  series  of  polyacrylonitrile-based  (PAN) 
electrolytes  containing  LiAsJ’'^  and  a  number  of 
solvent  mixtures  including  Ethylene  Carbonate  (EC) 
+  Propylene  Carbonate  (PC)  were  prepared, 
electrochemically  evaluated  and  used  as  electrolyte 
in  the  polymer  cells.  The  typical  composition  of  the 
electrolyte  mixture  was  PAN  ~15  M%,  LiAsFg  ~15 
M%  and  solvent  mixture  ~  70  M%.  The  PAN-based 
electrolyte  containing  EC,  PC  and  LiAsF6  gave  a 
conductivity  of  10"^  (S/cm)  at  room  temperature. 
Both  carbon  and  lithium  cobalt  oxide  composite 
electrodes  were  studied  versus  lithium  in  small 
capacity  cells.  The  same  electrolyte  composition 
was  used  in  fabricating  the  composite  electrodes. 
Cells  were  fabricated  and  evaluated  for  cycle  life  and 
cathode  utilization  eflSciency.  The  capacity  of  the 
cells  is  between  5  to  10  mAh.  Lithium  polymer  cells 
contuning  either  carbon  or  lithium  cobalt  oxide 
showed  so  far  around  40  cycles  with  minimum  loss 
of  capacity.  Lithium  ion  polymer  cells  (  LixC 
/gel/LixCo02)  delivered  ~5  mAh  capacity  in  the 
initial  cycles  and  cycling  of  the  cell  is  in  progress. 


Introduction 

Lithium  polymeric  electrolyte  rechargeable 
cells  are  being  actively  developed  for  several 
applications  including  consumer  electronics  and 
electric  vehicles.  Polymer  rechargeable  cells  have 
several  advantages  over  the  liquid  electrolyte  cells; 
these  include  1)  reduced  propensity  for  lithium 
dendrites,  2)  enlumced  interfacial  stability,  3) 
flexible  shape  etc.  However,  the  problems  related  to 
dendrites  and  reactivity  are  not  completely 
eliminated  at  the  lithium  electrodes.  The 
development  in  liquid-based  cells  is  focused  on  the 


use  of  lithium-carbon  anodes  (termed  as  lithium  ion 
or  "rocking-chair"  configuration)  in  place  of  metallic 
lithium  to  reduce  the  dendrites  and  thus  improve  the 
cycle  life.  Additionally,  the  replacement  of  lithium 
with  lithium-carbon  may  improve  the  safety  of  the 
cells.  An  extension  of  this  concept,  i.e.,  use  of  Li-C 
for  Li,  to  the  polymeric  electrolyte  cells  is  thus 
expected  to  further  reduce  the  problems  of  dendrites 
and  interfacial  instability.  At  the  Jet  Propulsion 
Laboratory  as  part  of  an  on  going  secondary  lithium 
battery  research  effort  we  have  initiated  preliminary 
electrochemical  studies  on  the  lithium  ion  polymer 
cells.  Initially,  we  evaluated  the  materials  properties 
in  small  capacity  cells.  We  report  below  our  results 
on  the  electrochemical  properties  of  PAN-based 
gelled  electrolytes  containing  EC  +  PC  +  LiAsF5  as 
well  as  on  the  cycling  behavior,  at  room 
temperature,  of  Li-Carbon,  Li-LiCo02,  and 
LixCo02  cells  containing  the  above  electrolyte. 

Experimental 

Electrolyte  Preparation: 

Gelled  electrolytes  with  different 
compositions  were  prepared  as  given  below^. 
^propriate  amounts  of  the  components  were 
weighed  before  hand.  Lithium  hexafluoroarsenate 
was  dissolved  in  the  solvent  mixture  and  the 
temperature  of  the  liquid  electrolyte  was  raised  to 
100°C  followed  by  the  slow  addition  of  PAN.  The 
temperature  was  maintained  at  around  lOO^C  till  a 
clear  homogeneous  viscous  liquid  was  obtained. 
Thin  films  were  prepared  by  casting  the  hot  gel 
between  two  preheated  quartz  plates  and  pressing 
them  together.  This  procedure  yielded  thin  films 
with  thicknesses  ~100  micron.  Typical  composition 
of  the  electrolyte  was  PAN  ~15  M%,  LiAsF5  ~15 
M%  and  solvent  mixture  ~  70  M%. 
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Composite  Electrodes  Preparation: 

Composite  electrodes  Avith  good  ionic  and 
electronic  conductivities  are  required  in  polymer 
cells  to  achieve  reasonable  rates.  LixCo02  -based 
composite  cathodes  were  used  for  cell  studies. 
Composite  cathodes  comprises  of  LixCo02  50  w%, 
acetylene  black  (for  electronic  conductivity)  10  w%, 
and  the  polymer  electrolyte  (for  ionic  conductivity) 
40  w%.  The  LixCo02  and  acetylene  black  were 
well  mbced  by  a  high  speed  blender.  Gelled 
polymeric  electrolyte  (PAN  15  M%;  LiAsFg  15  M% 
and  EC  +  PC  70  M%)  was  prepared  beforehand 
followed  by  the  addition  of  the  mixture  of  LixCo02 
and  acetylene  black.  The  hot  black  slurry  was  then 
poured  on  to  a  preheated  aluminum  foil.  The  slurry 
was  uniformly  distributed  and  coated  on  the 
aluminum  foil.  The  composite  electrode  was  cut  to 
size,  1  3/8"  X  1  3/8",  for  later  use. 

The  carbon  electrode  consists  of  a 
commercial  graphite  subjected  to  a  pretreatment 
process  identified  in  our  earlier  studies  in  organic 
liquid  electrolytes.  The  carbon  electrode  gave  240 
mAh/gm  capacity  at  C/10  rate.  The  selected  carbon 
anode  and  electrolyte  materials  are  being  used  in 
conjunction  with  litluum  cobalt  oxide  composite 
cathode  to  fabricate  Li  ion-polymer  cells.  The 
electrodes  are  sealed  in  a  polyethylene  laminated 
aluminum  foil  using  a  sealing  technique  developed 
at  JPL.  LixC  -based  composite  electrode  was 
prepared  and  its  electrochemical  performance 
tested.  Composite  cathodes  comjjrises  of  Carbon  50 
w%  and  the  polymer  electrolyte  50  w%.  Gelled 
polymeric  electrolyte  (PAN  15  M%;  LiAsFg  15  M% 
and  EC  +  PC  70  M%)  was  prepared  beforehand 
followed  by  the  addition  of  preweighted  carbon. 
The  hot  black  slurry  was  then  poured  into  a  stmnless 
steel  (SS)  mold  with  a  1  mil  thick  SS.  foil  on  the 
bottom.  The  slurry  was  then  evaporated  by 
convection.  The  composite  electrode  was  trimmed 
to  size,  1  3/8"  x  1  3/8",  for  cell  studies. 

Cell  Fabrication: 

Three  types  of  cells  were  fabricated.  The 
three  types  of  cells  are  1)  Li/gel/LixCo02,  2) 
Li/gel/LixC,  and  3)  LixC/gel/LixCo02.  Two 
polyethylene  laminated  aluminum  foils  were  hot 
sealed  on  three  sides  to  form  an  envelop.  An 
electrode  stack  consisting  of  lithium  anode. 


polymeric  electrolyte,  and  composite  electrodes  was 
assembled  and  housed  in  the  polyethylene  laminated 
aluminum  envelop.  The  envelop  was  scaled  in 
vacuum.  Four  of  each  experimental  Li-LixCo02 
and  Li-Carbon  polymer  cells  (~10  mAh)  were 
prepared  for  electrochemical  investigations.  The 
cells  were  assembled  in  a  diy-room  with  less  than 
1%  humidity.  Both  types  of  the  cells  showed  an 
open  circuit  voltage  (OCV)  in  the  range  of  3.0  and 
3.2  volts. 

Standard  electrochemical  equipment  were 
used  for  the  electrochemical  evaluation  of  the  gelled 
electrolyte  films.  AC  impedance  measurements 
were  made  on  both  uncycled  and  cycled  cells  to 
obtain  informations  on  the  bulk  and  interfacial 
properties. 

Cell  Testing: 

The  laboratory  lithium-composite  polymer 
cells  were  tested  at  ambient  temperature  for  cycle 
life  performance  between  the  voltage  limits 
described  above.  A  computer  controlled  battery 
cycler  was  used  for  cycling  studies.  The  cells  were 
charged  at  a  constant  current,  1  mA,  and  followed 
by  taper  charge  at  4.25V.  The  cell  was  discharged 
at  a  constant  current,  2  mA.  The  Li-LixCo02  ceUs 
were  cycled  between  4.3V  and  2.6V,  and  the  Li- 
Carbon  cells  were  cycled  between  0.15V  and  IV. 
The  full  cell  was  cycled  between  2.60  V  and  4.25  V. 

Results  and  Discussion 

We  have  investigated  the  electrochemical 
properties  of  the  gelled  polymer  electrolytes,  three 
different  types  of  polymer  cells  and  their  cycle  life 
performance.  These  are  described  below. 

Electrolyte  Studies: 

Electrolytes  films  were  cut  to  size  (~1  cm^) 
and  sandwiched  between  two  well  polished  stainless 
steel  (SS)  electrodes  (blocking  contacts)  for  both  a-c 
and  d  c  measurements.  The  a-c  measurement  was 
made  in  the  fi'equency  regime  100  kHz  to  5  Hz.  In 
Fig.  1  is  shown  the  Nyquist  plot  for  the  electrolyte 
of  composition  PAN  ~15  M%,  LiAsFg  ~15  M%  and 
EC  +PC  ~  70  M%.  The  x-axis  intercept  gives  the 
bulk  resistance  (R^)  of  the  electrolyte.  The 


resistivity  (a)  is  lO'^  S/cm  at  room  temperature.  i 
The  near  perpendicular  plot  indicates  that  there  is  no  i 
measurable  charge  transfer  at  the  interface.  In  Fig.  2 
is  shown  the  d-c  voltammetric  behavior  for  the  same 
electrolyte.  The  electrolyte  seems  stable  in  the 
voltage  range  1  to  5  V  vs.  Li.  i 

1 

Electrochemical  Studies  of  Cells: 

Although  our  aim  is  to  evaluate  the  a-c  i 
behavior  of  the  full  cells  (LiC  composite  anode 
/gelled  electrolyte/LbcCo02  composite  cathode)  as 
initial  studies  we  investigated  the  interfacial  on  bulk 
properties  of  the  components  electrodes  using  a-c 
measurements.  Experimental  cells  with  Li  anode, 
LiCo02  composite  cathode  (~  10  mAh)  and  gelled 
electrolyte  were  fabricated  and  cycled  at  room 
temperature.  In  Fig.  3  is  shown  a-c  behavior  of 
lithium  cobalt  oxide  before  and  after  39  cycles.  The 
value  indicate  the  total  resistance  is  around  2. 1  ohms 
and  did  not  change  with  cycling.  However,  Fig.  3b 
(a-c  behavior  of  the  cycled  cell)  shows  the  evolution 
of  a  semicircle  which  indicates  that  interface 
(between  lithium  and  electrolyte,  electrolyte  and 
cathode,  or  both)  changes  continuously.  In  Fig.  4  is 
shown  the  a-c  behavior  of  lithium  -lithium  carbon 
cell  before  and  after  33  cycles.  Although  the  bulk 
resistance  of  the  cell  is  the  same  (around  2. 1  ohms) 
the  interfacial  charge  transfer  resistance  is 
considerably  reduced  after  cycling.  This  suggests 
that  probably  the  interface  has  improved  with 
cycling . 

Cell  Performance 

In  Fig.  5  is  shown  charge-discharge  curves 
as  a  function  of  time  up  to  42  cycles,  for  a  lithium  - 
lithium  cobalt  oxide  cell.  The  capacity  of  the  ceil 
declined  slowly  to  3.7  mAh  till  ~40  cycles.  The 
cycling  data  for  lithium-lithium  carbon  cell  is  shown 
in  Fig.  6.  The  first  half  cycle  is  the  lithiation  of  the 
carbon  electrode.  A  total  of  46  mAh  was  passed. 

The  following  cycles  exhibited  approximately  3  mAh 
capacity.  The  capacity  difference  between  the  first 
and  the  following  cycles  is  attributed  to  the 
formation  of  the  surface  layer  on  the  carbon 
material^.  The  discharge  capacity  for  the 
subsequent  cycles  remains  the  same  around  3  mAh. 

The  first  three  charge-discharge  cycles  on  a 
full  cell  (lithiated  carbon  composite  anode/gelled 

263 


electrolyte/lithium  cobalt  oxide  composite  cathode) 
is  shown  in  Fig.  7.  The  cell  was  cycled  between 
4.25  V  and  2.6  V.  The  initial  capacity  of  tf>e  cell 
was  around  S  mAh.  The  second  and  third  cycles 
showed  a  lower  capacity.  The  cycling  of  the  cells  is 
in  progress.  The  data  described  above  are 
preliminary  and  further  cell  studies  are  in  progress. 

Conclusions 

PAN-based  gelled  electrolytes  were  prepared 
and  electrochemically  evaluated.  The  bulk 
conductivity  at  room  temperature  of  the  electrolyte 
PAN  21  M%;  LiAsF6  8  M%  and  EC  +  PC  71  M% 
was  10~^  S/cm.  Small  capacity  experimental  half 
cells  with  LiC  and  LiCo02  composite  electrodes 
were  fabricated  and  tested  for  cycle  life.  These  cells 
could  be  cycled  over  30  cycles  without  perceptible 
capacity  decline.  Performance  of  the  lithium  ion 
polymer  cells  (LiC/gelled  electrolyte/LiCo02 
cathode)  is  currently  being  evaluated  and  the  results 
will  be  presented  in  the  meeting. 


The  work  described  here  was  carried  out  at 
the  Jet  Propulsion  Laboratory,  California  Institute  of 
Technology  under  a  contract  with  the  National 
Aeronautics  and  Space  Administration 
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Figure2.  D-C  cyclicvoltammetric  behavior  of  the 
electrolyte  (same  as  in  Fig.  1)  sandwiched 
between  two  well  polished  stainless  steel 
electrodes. 
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Figure  3.  The  a-c  behavior  of  lithium-lithium  cobalt 
oxide  cell  (a)  uncycled  and  (b)  after  39 
cycles. 
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Figure  4.  The  a-c  behavior  of  lithium  -lithium  carbon 
cell  (a)  uncycled  and  (b)  after  33  cycles. 
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Figure  5.  The  discharge  capacity  vs.  cycle  life  of  a 
lithium  -  lithium  cobalt  oxide  cell. 
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Figure  6.  The  discharge  capacity  vs.  cycle  life  of  a 
lithium  -  lithium  carbon  cell. 
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Figure  7.  The  first  three  charge-discharge  cycles  on 
a  full  cell  (lithiated  carbon  composite 
anode/gelled  electrolyte/lithium  cobalt 
oxide  composite  cathode) 
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RECHARGEABLE  ALKALINE  ZINC-MANGANESE  DIOXIDE  BATTERIES 


K.Kordesch,  L.  Binder.  J.Gsellmann,  W.Taucher.  Ch  Faistauer 
Technical  University  Graz,  A-8010  Graz,  Austria 


Introduction 

The  development  of  the  technology  of  the  Rechargeable  Alkaline 
Manganese  dioxide  (RAM)  -  Zinc  battery  has  rapidly  progressed 
over  the  last  few  years.  Intensive  research  activities  at  the  Technical 
University  Graz  and  development  efforts  at  Battery  Technologies 
Inc.  (I)  have  resulted  in  considerable  improvements  (2).  Between 
1989  and  1992  the  cycle  capacity  has  beeen  more  than  doubled,  the 
mercury  addition  to  the  anode  has  been  gradually  reduced  and 
finally  eliminated.  (Fig.l).  Today,  the  excellent  elevated 
temperature  shelf  life,  which  we  expect  from  alkaline  Mn02-Zn 
primary  cells  is  also  a  feature  of  RAM  batteries.  (3).  The  technology 
has  been  licensed  to  RAYOVAC,  USA  and  after  extensive  testing 
and  market  surveys  in  1992/93,  the  mass  production  of  RAM 
batteries  started  in  Fall  1993.  Under  the  trade  name  "RENEWAL” 
all  four  types  of  cylindrical  cells  were  made  available  to  the 
consumer  market  as  "Reusable"  batteries,  together  with  special 
charging  stations. 

The  first  cycle  capacity  was  chosen  to  be  close  to  the  capacity  of 
the  corresponding  primary  cells  to  allow  a  direct  replacement  in  all 
comparable  applications.  Recharging  is  done  at  a  constant  voltage  of 
1.65  V  and  as  a  safety  precaution,  the  RAYOVAC  stations  are 
mechanically  constructed  in  such  a  manner,  that  the  charging  of 
primary  cells  is  not  possible. 

The  physical  design  of  cylindrical  batteries  (Fig.2)  has  not  been 
changed.  Except  for  the  separator  material  and  perhaps  the  length  of 
the  contact  nail,  there  is  no  noticable  difference  when  compared  to  a 
primary  battery. 

The  manufacturing  can  be  done  on  essentially  the  same  machinery 
as  is  used  for  the  productionof  primary  cells  at  nearly  the  same  cost. 
A  consumer  has  therefore  a  veiy  considerable  cost  advantage  when 
he  directly  replaces  primary  cells  in  all  of  his  devices.  Also  the 
purchase  of  some  other  very  expensive  rechargeable  batteries  can  be 
avoided  in  many  cases. 

On  continuous  use  and  t(X)  percent  deep  discharge  one  RAM  cell 
can  replace  about  80  Zinc  carbon  or  20  to  30  alkaline  primary  cells, 
as  is  shown  in  Fig.3.  On  an  intermittent  discharge  regime,  with 
frequent  recharging,  the  total  service  time  can  reach  more  than 
hundred  times  that  of  alkaline  primary  batteries,  as  shown  in  Fig.4. 

However,  the  most  noticeable  and  consumer-relevant  advantage 
over  other  types  of  rechargeable  batteries  is  the  good  shelf  life  at 
elevated  temperatures.  Fig.  5  presents  a  comparison  of  test  results 
achieved  at  65  OC  with  RAM  cells,  Ni-Cd  and  MeHy  cells.These 
(Arrhenius'  Law)  data,  expressed  in  weeks  of  storage  time  can  also 
be  used  to  predict  the  room  temperature  shelf  life  for  the  same 
numbers  of  years.  This  is  a  well  established  rule  in  the  battery 
industry.  Historic  publications  and  more  recent  detailed  technical 
data  can  be  found  in  the  Literature  references  (4,  5  and  6,) 

The  RAM  System 

The  MnC)2-Electrode.Discharge  Limitation.s- 

The  first  electron  discharge  follows  the  homogeneous  proton 
insertion  path  and  four-valent  Mn-dioxide  is  formally  reduced  to 
^•*^1.5  reduction  process  can  be  followed  by  neutron  powder 
diffraction  spectra.  An  example  is  shown  in  Fig.  6. 


The  appearence  of  a  new  peak  below  MnO|  5  indicates  the  point 
where  we  now  stop  the  discharge  to  preserve  rechargeability.  It  was 
found  that  soluble  Mn-species  start  to  appear  at  continued  discharge, 
especially  when  the  lower  voltage  2nd  electron  range  is  approached. 
The  Mn-ions  find  their  way  to  the  zinc  anode  and  with  no  mercury 
added,  the  corrosion  problem  increases,  destroying  the  excellent 
shelf  life  characteristics  at  elevated  temperatures.  (Fig.5). 

A  cathode  discharge  mrxlel  described  by  Faistauer  (7) ,  based  on 
work  by  Wruck  (8),  points  to  the  dilTerent  electronic  and  ionic 
pathways  in  thick  cathodes  which  consist  of  a  Mn02-graphite  mix. 
The  manganese  dioxide  is  a  poor  conductor  and  relies  on  the 
graphite  to  transport  the  electrons  to  the  interface,  while  the  KOH  in 
the  free  pore  system  (helped  by  a  filler  substance)  provides  the  ionic 
supply.  Ideally,  the  two  pathways  should  be  as  close  as  possible  in 
their  conductance  values.  Usually  they  are  considerably  diffrent, 
depending  on  the  layer  thickness.  The  result  is  a  high  efficiency  of 
Mn02-reduction  near  the  separator  and  a  low  utilization  at  the  steel 
can  collector  side.  As  a  result,  the  Mn02  at  the  separator  side  is 
sometimes  reduced  below  the  1  electron  level,  causing  irreversible 
oxides  to  be  formed.  The  2  mm  thin  cathodes  of  the  AA  cells  are  in 
this  respect  far  more  uniformely  and  efficiently  discharged  than  the 
C  and  D-cathodes  (4  and  6  mm  thick). 

Another  strong  effect  on  the  discharge  and  cycle  characteristics 
of  Mn02  cathodes  is  the  depth  of  discharge.  Fig.  7  pictures  the 
change  of  cycle  capacity  with  reduced  depth  of  discharge.  I  Ah 
discharge  from  a  AA  cell  ,  containing  about  8  to  9  Mn02 
corresponds  to  a  usage  of  30  to  40  percent  of  the  I  electron  capacity. 
It  actually  results  in  a  very  useful  AA-rechargeable  cell.  A  very  large 
number  of  100  %  DOD  discharge  cycles  at  capacities  in  the  Ah- 
range  of  Ni-Cd  cells  are  obtained.  Such  a  performance  profile  may 
be  desirable  for  users  of  devices  which  are  normally  completely 
discharged  before  recharging.  Such  cells  are  not  marketed  today,  but 
may  appear  on  the  OEM-market  after  optimizing  the  balance  of  the 
capacity  limiting  zinc  anode  (which  must  be  made  more  dense). 

The  addition  of  a  porosity  modifier  to  the  cathode  increases  the 
ion  availability.  As  an  example  ,  Fig.  8  shows  the  effect  of  10  % 
BaS04  addition  to  the  cathode  mix.  Interesting  is  that  also  the 
initial  capacity  rises,  in  spite  of  the  10  %  reduced  amount  of  active 
material  in  the  same  cathodic  volume  (9). 

The  cathode  also  has  the  capability  to  react  with  hydrogen  gas 
produced  by  corrosion  processes  at  the  zinc  anode.  This  is  the  result 
of  adding  0,1  to  0,5  %  of  a  fuel  cell  electrode  type  catalyst  like  Ag 
on  acetylene  black  or  carbon.  The  reduction  of  the  Mn02  capacity  is 
negligable,  but  any  pressure  build-up  is  avoided,  even  in  the  event 
that  a  cell  is  reversed  in  a  series  circuit  connection.  ( 10). 

Mn07  Overcharge  and  the  0>-Zn  Cycle 

Charging  manganese  dioxide  to  higher  voltages  produces  6-valent 
manganate,  which  is  soluble  and  disproportionates  into  MnC)2  (of 
the  rechargeable  type)  and  into  a  not  rechargeable  lower  oxi^.  It 
was  therefore  important  to  prevent  the  formation  of  manganate  by 
limiting  the  charge  voltage  to  about  1.65  to  1.68  V  for  the  present 
RAM  cells.  However,  it  was  also  found  that  certain  catalysts  prevent 
mangaruite  formation  and  cause  a  nearly  stoichiometric  evolution  of 
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oxygen  instead  (11)  Fig  9  indicates  the  initial  delay  of  oxygen 
evolution  on  overcharge  and  the  effect  of  catalysts  on  O2  evolution 
Fig  10  shows  a  way  to  facilitate  the  uptake  of  the  oxygen  gas  by 
inserting  a  porous  cylinder  in  the  center  of  the  cell  The  pressurized 
O2  gas  reaches  the  large  internal  zinc  interface  and  forms  ZnO  (12) 

The  Zinc  Limitation.  Hc-free  formulations.  Cell  Reversal 

The  zinc  powder  anode  mixture  contains  KOH  and  a  gelling  agent 
The  amount  of  Zn  determines  the  depth  of  discharge  of  the  cathode 
and  thereby  the  capacity  of  the  cell  Zinc  oxide  is  dissolved  into  the 
KOH  (or  is  additionally  added  as  a  powder)  to  make  sure  that  on 
charge  (or  overcharge)  only  oxygen,  but  no  hydrogen  can  be  formed 
by  electrolysis  This  is  the  basis  of  the  previously  described  oxygen 
cycle.  The  cells  up  to  1993  contained  0  02  %  mercury  in  the  zinc 
Starting  with  the  1994  production,  no  mercury  will  be  added  to  the 
anode  formulation  Therefore  special  zinc  alloy  formulations  and/or 
organic  inhibitors  are  used  to  reduce  the  zinc  corrosion.  However, 
for  rechargeable  cells  this  is  not  sufficient  because  the  zinc  deposited 
after  the  hrst  charge  is  much  finer  than  the  original  granulated  Zn- 
powder  The  mentioned  catalysts  in  the  cathode  (10)  are  taking  care 
of  the  increased  H2-corrosion  gassing  possibility 

It  should  also  be  mentioned  that  a  safeguard  for  cell  reversal  is 
important  when  cells  are  connected  in  series  and  one  cell  fails 
prematurely  In  this  case  also  H2-gas  is  produced  on  the  Mn02  side 
where  the  catalyst  recombines  it  O2  gas  is  evolved  on  the  nail  side. 
The  latter  can  react  with  unused  Zinc,  because  even  after  a  100  % 
deep  discharge  some  Zn  is  left  (as  unconnected  particles)  in  the  gel 
The  type  of  gelling  agent  and  other  additives  are  important  for 
the  coherence  of  not  amalgamated  Zn-particles  and  for  the  release  of 
gas  bubbles  (13)  Drop  test  are  used  for  evaluating  such  effects 

Present  Charging  Methods 

The  presently  recommended  RAM-charging  methods  use  a  constant 
voltage  end  point  setting  This  is  equivalent  to  a  taper  current  charge 
method.  Depending  on  the  size  and  cost  of  the  charger  the  cells  may 
be  charged  in  a  few  hours  or  simpler,  just  over  night  For  a  quicker 
charging  process  "Pulse  Charging"  is  recommended  (Fig  11)  The 
cells  are  charged  in  parallel  and  the  voltage  sensing  is  done  between 
the  pulses  (14) 

It  was  long  recognized  that  the  first  few  cycles  of  recharging  are 
not  efficient  if  the  charge  stops  at  about  17  V  Gsellmann  (15) 
suggested  a  cathodic  pre-charging  method  but  it  turned  out  to  be 
too  complicated  for  mass-product  manufacturir.g  With  the  new  safe 
overcharging  possibilities  /outlined  above),  a  new  charging  method 
was  devised  which  increases  the  capacity  of  the  first  recharge  cycle 
by  about  25  percent.  The  cumulative  capacity  of  later  cycles 
increases  correspondingly  Overcharging  also  opens  the  way  for  all 
the  devices  where  series  charging  and  cell  equalization  is  required 
(like  in  many  OEM-applications) 

Discussion  of  High  Power  Applications 

The  advantages  of  connecting  AA  cells  in  parallel  to  replace  the 
larger  D-cells  are  shown  in  Fig  12  The  reason  is  that  at  a  high 
current,  the  thin  cathodes  in  the  AA  cells  are  used  70  %  efficiently, 
while  the  thick  D-size  cathodes  are  only  30  %  utilized  (16) 

A  project  with  the  Ontario  Ministry  of  Energy  tries  to  take 
advantage  of  these  features  for  the  development  of  small  vehicle 
batteries  and  solar  power  chargers  (17)  High  performance  series 
charging  of  RAM  cells  bundles  has  been  successfully  demonstrated 
with  6  V  series/parallel  units  The  new  improved  overcharge  and  cell 
equalization  possibilities  will  now  extend  our  capabilities  to  12  V 
and  even  24  V  series  charging  with  higher  uniformity  and  without 
single  cell  control  by  electronic  means 


Solar  Charging  and  New  Electronic  Circuits  (Practical  Uses) 

Solar  charger  may  now  find  wide-spread  application  and  acceptance 
in  the  consumer  market  The  previous  use  of  Ni-Cd  batteries  was 
unsatisfactory  They  discharge  rapidly  in  the  sun  and  the  reliability 
on  shelf  is  poor  The  same  is  true  for  Ni-Mehydride  cells  RAM  cells 
can  stand  temperatures  of  65  °C  for  weeks,  as  shown  in  Fig  5 

In  a  study  aimed  at  the  simplification  of  chargers  ,  especially  for 
circuits  containing  only  2  cells  in  series,  which  is  the  case  in  many 
devices,  radios,  and  lamps,  an  overflow  current  circuit  was  used 
Fig  1 3  shows  such  a  solar  charging  circuit  with  a  Zener  diode 

In  many  constant  current-charging  devices  the  Ni-Cd  cells  can 
be  replaced  by  RAM  cells  by  using  the  Zener  diode  circuit  (Fig  14) 

Studies  concerning  the  rechargeabiliiv  of  the  2nd  electron  of  Mn02 

In  our  laboratories  we  have  checked  the  applicability  of  the 
chemically  and  physically  modified  manganese  dioxide  as  first 
described  by  H.S  Wroblowa  (1987)  and  repeated  by  many  authors 
in  the  recent  literature  It  was  found  that  the  high  volume  of  carbon 
used,  makes  it  impossible  to  build  cylindrical  cells  with  a  capacity 
close  to  the  existing  consumer  cells.  The  cell  voltage  is  low  and  the 
appearence  of  soluble  Mn-species  causes  severe  corrosion  problems 
with  zinc  electrodes.  Separators  with  low  resistance  values  are  not 
developed  at  the  time  Replacing  the  Zn-anode  by  metalhydrides 
improves  the  cycle  numbers,  but  the  voltage  is  even  lower  Cells 
built  with  electrolytic  Mn02  cathodes  and  fuel  cell  H2-electrodes 
( 1 8)  or  metalhydride  anodes  ( 1 9)  show  a  far  higher  load  capability,  a 
better  voltage  level  and  good  cycle  life,  using  only  the  1  st  electron 
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Fig  1:  The  Progress  of  RAM  Baneries  during  the  years  1989  to  1992 


Fig.2:  Cut  through  a  AA-size  Rechargeable  Alkaline  Mn02-Zn  Cell 
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Fig.4:  The  different  service  obtained  from  AA  cells  when  used  under 
daily  partial  discharge  regimes  and  recharged  between  uses 
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Fig.5:  Comparison  of  the  initial  capacity  and  of  the  performance 
losses  of  different  rechargeable  battery  types,  at  65  ®C. 
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Fig.3;  The  cumulativ  Capacity  obtained  from  AA-size  RAM  Cells, 
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Fig.6;  DiOraction  data  which  show  the  changes  in  the  MnOi- 

structure  on  discharge  near  the  1  e'  capacity  level.  (0.3  Ah/g) 
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Fig.7:  Increasing  cycle  capacity  with  less  discharge  of  the  Mn02  p,g  ]  |  puijg  charging  of  RAM  cells  in  a  parallel  cell  arrangement 
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Fig.9:  Changing  Oxygen  evolution  efficiency  by  adding  catalysts. 
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Fig.  12  .  The  advantagees  of  parallel  connected  AA  over  D-cells 
"Power  Cell";  4  AA  cells  fit  exactly  into  one  i>cs'  ontainer. 


Fig- 13;  Charging  of  2  RAM  cells  in  series  by  a  solar  panel.  The 
Zener  Diode  bypasses  any  current  overflow  above  3.4  V. 
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Fig,  10;  Design  of  a  C-size  RAM  cell  with  a  porous  cylinder  in  the 
center  of  the  anode  to  facilitate  02-  gas  reaction  with  the  Zn. 


Fig.  14;  A  stand-by  lamp  charging  circuit  with  2  AA  RAM  cells 
replacing  2  Ni-Cd  cells  in  a  Radio  Shack  hand-torch. 


IMPROVED  COMPONENTS  FOR  RECHARGEABLE  ALKALINE 
MANGANESE-^NC  BATTERIES 
Ttny  Mmtaing,  Robert  Jaeus,  and  Sid  khsfahtd 
Rayovac  Corporation.  Madison  Wl 


Introduction 

Rayovac  began  manu^cturing  and  marketing  a 
rechargeable  alkaline  (Zinc/Manganese  Dioxide)  cell  in  four 
sizes  (D,  C,  AA,  AAA)  in  the  fell  of  1993.  These  cells  and 
the  dedicated  chargers  (in  two  sizes)  are  being  marketed 
under  the  Renewal®  trade  name  and  are  experiencing  a 
good  reception  in  the  market. 

Figure  1 :  Nominal  Capacities  of  Renewal  Cells  in  AH 
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The  Rayovac  Renewal  cell  design  has  several 
advantages: 

Low  Cost: 

The  bobbin  type  cell  design  is  inherently  lower  in 
cost  than  the  spiral  wound  design  used  in  many 
rechargeable  cell  designs.  Because  the  Renewal  design 
used  has  much  commonality  with  the  primary  alkaline  cell 
production  base  the  cost  picture  is  further  improved. 

Charge  Stand  Times: 

The  Renewal  cell  will  retain  a  charge  for  years 
similar  to  its  primary  analog.  This  is  in  sharp  contrast  to 
other  rechargeable  cells  which  may  have  lost  much  of  their 
energy  in  a  few  weeks.  This  characteristic  means  that  ef¬ 
fectively  the  Renewal  cell  can  be  recharged  and  then 
stored  for  later  use. 

Environmental  Issues: 

The  Renewal  design  presently  contains  a  small 
amount  (0.025%  of  battery  weight)  of  mercury,  however, 
the  design  will  be  mercury  and  cadmium  free.  Again  the 
systems  based  on  lead  or  cadmium  have  no  opportunity  to 
become  environmentally  friendly. 

The  -  rate  capability  of  the  Renewal  system  is 
adequate  for  many  applications,  however  there  is 
opportunity  to  improve  that  significantly.  This  paper  will 
discuss  the  rate  capability  studies  undertaken. 

General  Experimental  Methods 

The  testing  used  within  this  report  was  performed  on 
a  Maccor  tester  received  from  the  vendor  earlier  this  year. 
Both  AA  and  AAA  Renewal  and  other  cells  as  indicated 
were  used  in  this  evaluation.  The  test  for  the  AAA  was 
discharge  on  a  24  ohm  resistor  until  the  voltage  fell  to  0.9 
volts.  The  cell  was  then  recharged  at  constant  current  (150 
mA)  until  the  charge  voltage  rose  to  1.65  volts  at  which 
time  a  constant  voltage  (1.65  V)  charge  was  con 


tinued  for  eight  hours.  Typically  25  cycles  were  run  on  the 
test  samples.  « 

Once  every  hour  of  the  24  ohm  discharge  a  10 
second  390  ohm  discharge  followed  by  a  10  second  12 
ohm  discharge  was  imposed.  This  discharge  is  shown  in 
Figure  2. 

Figura  2:  Typical  Firil  Pulaa 
(Ona  PulM  Par  Hour) 


The  data  reported  includes  the  resistance  as  calcu¬ 
lated  via  delta  voltage  divided  by  delta  current  between  the 
two  points  indicated  as  VI  and  V2.  When  AA-cells  were 
tested  the  same  regime  was  used  except  a  12  ohm 
continuous  load  with  a  195  ohm  then  6  ohm  10  second 
pulses  were  used. 

This  method  allows  the  monitoring  of  the  cell  resis¬ 
tance  as  a  function  of  the  extent  of  discharge  and  as  a 
function  of  the  number  of  cycles  that  have  been  placed  on 
the  cell. 

In  order  to  obtain  a  scan  of  the  resistance  as  a 
function  of  discharge  rate,  constant  current  discharge  for 
one  second  followed  by  a  10  millisecond  open  circuit  was 
run.  Delta  voltage  divided  by  delta  current  resistances 
were  measured  between  these  pulses  and  the  preceding 
open  circuit  voltage. 


Experiment  1 

Renewal  AA-cells  were  evaluated  by  the  resistance 
scan  method.  Figure  3  indicates  the  results. 


Figure  3:  Typical  DC  Resistance  AA  Renewal 
10  mS  Interrupt 
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The  apparent  resistance  of  this  undischarged,  (i.e., 
as  manufactured)  Renewal  cell  typically  will  vary  between 
several  ohms  at  low  discharge  rates  to  less  than  0.1  ohm  at 
high  discharge  rates. 

Therefore,  it  is  necessary  when  interpreting  this  type 
of  DC  measurement  that  the  same  current  densities  are 
used. 

Exosrimfint  2 

Renewal  AAA-cells  were  evaluated  by  the  hourly 
interrupt  method.  Figure  4  indicates  the  typical  results  for 
the  first  cycle. 

Figure  4:  Resistance  Change,  24  Ohm  Discharge 
AAA  RAM  Cell 


Therefore  several  observations  can  be  seen  as 
typical  of  this  system  in  the  AAA-cell  size.  1)  The 
resistance  during  each  discharge  will  increase  and  in  the 
control  cell  design  maybe  three  times  the  starting  value  at 
the  end  of  discharge.  2)  The  resistance  as  each  cycle's 
discharge  begins  is  higher  than  the  preceding  cycle's  value. 
The  largest  increases  occur  in  the  first  five  cycles.  3)  The 
resistance  at  the  end  of  each  cycle's  discharge  does  not 
increase  to  the  0.9  volt  end  point,  This  is  true  even  as  the 
capacity  per  cycle  decreases,  4)  It  is  speculated  that  the 
change  in  shape  of  the  first  cycle  curve  is  related  to  the 
zinc  form  in  the  anode. 

Experiment  3 


^  Voltage  On  24  Ohrm  ^  Resetance 

The  resistance  starts  at  0.55  ohms  and  increases  as 
much  as  three  times  in  the  course  of  the  discharge. 

As  the  cycling  of  the  cell  continues  the  resistance 
initially  in  each  cycle's  discharge  is  a  higher  value. 

In  Figure  5  the  initial  resistance  for  the  second  cycle 
was  0.55  ohms  which  increased  to  0.9  ohms  by  the  25 
cycle. 


A  Renewal  AA-cell  was  assembled  with  two 
platinum  wire  probes  placed  immediately  on  either  side  of 
the  separator  in  the  anode  and  in  the  cathode  mass.  The 
probes  were  in  electronic  contact  with  the  electrode  in 
which  they  were  placed.  The  cell  was  then  cycled  on  the 
AAA  hourly  interrupt  loads  and  schedules.  A  resistance 
was  calculated  for  both  the  cell  and  probe  curves  and 
resulted  in  the  following  data. 
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Resistance 

Probe  as  % 
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1 
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15 

0.63 

0.46 

73% 

1 

28 

1.57 

1.24 

79% 

2 

1 

0.47 

0.26 

55% 

Figures  7  and  Figure  8  are  graphic  displays  of  the  data 
generated. 


Figure  5;  Resistance  vs  Cycle 


^  Cycle  2 
^  Cycle  5 
^  Cycle  15 
^  Cycle  25 


However  the  maximum  resistance  developed  when 
the  voltage  fell  to  0.9  volts  did  not  increase.  These  end  of 
discharge  resistances  varied  between  1 .4  and  1 .8  ohms. 

Finally  in  Figure  6  the  unique  shape  of  the  first  dis¬ 
charge  can  be  seen  as  compared  to  the  second  cycle.  The 
identical  second  cycle  data  was  shown  in  Figure  5  and  can 
be  seen  as  typical  in  shape  for  all  subsequent  cycles. 


Figure  6  Resistance  vs  Cycle 
With  First  Cycle 


Figure  7:  AA  Renewal,  Probe  Voltages 
Cycle  1  Pulse  1 


*  The  voltage  between  two  platinum  probes  placed 
immediately  on  either  side  of  the  separator. 


Therefore  when  the  cell  resistance  is  at  the  highest 
(28th  pulse)  the  resistive  loss  that  might  be  related  to  an¬ 
ode  or  cathode  contact  resistance  is  no  more  than  20  per¬ 
cent  of  the  total. 


Pulses 


Experiment  4 

Experiment  3  lead  us  to  evaluate  the  separator  re¬ 
sistance  contribution  to  the  total  cell  values.  The  Renewal 
design  includes  a  multilayer  separator  design  including 
barriers.  The  primary  alkaline  systems  that  are  commonly 
available  do  not  have  the  same  degree  of  separation  and 
do  not  typically  have  barriers  in  them.  Therefore  three 
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Figure  8:  AA  Renewal.  Probe  Voltages 
Cycle  1  Pulse  28 


These  samples  were  then  assembled  into  ceils  and 
evaluated. 

All  three  samples  (Figure  10)  on  the  first  cycle 
show  a  resistive  plateau  that  is  quite  different  from  the 
control  (Renewal)  separator  For  samples  2  and  3  the 
ultimate  resistance  that  the  cell  reaches  to  0.9  voKs 
appears  to  be  less  than  sample  1.  However,  the  initial 
capacity  can  also  be  seen  to  be  somewhat  diminished. 
No  shorting  was  seen  in  25  cycles. 

Figure  10  AA,  Separator  Variations 
Cycle  1 


'The  voltage  between  two  platnum  probes  placed 
immediately  on  either  side  of  the  separator 

typical  primary  AAA-cells  were  discharged  by  the  one 
hour  interrupt  test.  Figure  9  shows  the  results. 

Figure  9;  AAA  Primary  Cell  Resistance 
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Manufacturer  B  and  C  produce  primary  cells  that 
have  a  slightly  lower  resistant  initially  but  which  rise  in  re¬ 
sistance  as  the  cell  discharges  and  reaches  the  values 
very  similar  to  the  Renewal  cell  when  the  cell  reaches  0.9 
volts.  Manufacturer  A,  which  has  a  relatively  high  initial 
resistance,  does  not  experience  the  same  steady  rise  in 
resistance. 

Therefore,  the  much  lower  separator  resistances 
that  are  used  in  primary  cell  designs  do  not  cause  a  sig¬ 
nificant  decrease  in  the  maximum  resistance  achieved. 


^Sanplefl 
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Figure  1 1  shows  the  results  of  cycling  sample  #1 . 
It  can  be  seen  that  the  plot  of  the  increase  in  resistance 
after  the  first  cycle  looks  very  much  like  the  control  and  no 
longer  has  the  plateau  shape 

Figure  11:  AA,  Sample  #1 
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Experiment  5 

Separator  systems  that  may  decrease  the  amount 
of  zincate  diffusion  to  the  cathode  and  therefore  diminish 
the  increase  in  cathode  resistance,  were  evaluated. 
These  samples  were  first  evaluated  for  resistance  in  a 
conventional  flooded  electrolyte  set  up.  The  values  cb- 
tained  were: 


Resistivity 
ohm  cm2 

Sample  1 

0.65 

Sample  2 

0.23 

Sample  3 

0.36 

Renewal 

0.58 

Conclusions 

The  Renewal  AAA  and  AA-cells  are  moderate  rate 
cells  which  have  a  resistance  of  0.4  to  0.6  ohms  as 
measured  by  the  test  used  in  this  work.  That  resistance 
will  increase  as  the  discharge  continues  and  limits  the 
cells  pulse  capabilities  toward  the  end  of  discharge.  It  has 
been  shown  that  the  electronic  resistance  associated  with 
electrode  contact  is  no  more  than  20%  of  the  total  cell  re¬ 
sistance  when  the  resistance  is  the  highest,  i.e.,  towards 
the  end  of  discharge.  This  observation  indicates  that  rate 
improvement  projects  will  be  most  productive  when  posi¬ 
tioned  in  the  electrode  interface/separator  systems.  Data 
has  been  presented  to  indicate  that  the  separator  system 
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used  may  influence  the  resistance  increase  as  the  dis¬ 
charge  is  completed. 

We  will  continue  to  explore  other  areas  that  may 
effect  this  resistance. 
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ABSTRACT 

Historically,  silver-einc  batteries  have 
not  been  capable  of  reliably  providing  more 
than  100  discharge  cycles  at  100%  depth  of 
discharge.  This  paper  describes  the 
development  of  silver-zinc  cells  that  are 
capable  of  extended  cycling.  These  cells 
incorporate  new  separator  materials,  improved 
negative  electrodes  and  optimized  design 
features  which  all  help  to  enhance  cell 
performance.  Cells  fabricated  using  these  new 
materials  and  features  reliably  delivered  over 
240  cycles  without  failure  and  with  excellent 
capacity  retention.  Thus,  the  test  program 
has  demonstrated  a  significant  advancement  in 
the  cycle  life  of  silver-zinc  cells. 


INTRODDCTION 

A  systematic  development  program  has  been 
undertaken  by  BST  Systems  over  the  last 
several  years  the  goal  of  which  was  to 
significantly  improve  the  performance 
characteristics  of  the  silver  zinc  cell.  The 
silver-zinc  battery  holds  several  distinct 
advantages  over  other  couples,  including  high 
power  capability,  good  gravimetric  and 
volumetric  energy  density  and  rechargeability . 
However,  the  couple  has  suffered  from 
limitations  in  cycle  life  and  attending 
capacity  degradation.  These  limitations  can 
be  directly  linked  to  shortcomings  in  the 
separator  system  and  capacity  loss  due  to  zinc 
electrode  shape  change.  This  development 
program  has  integrated  several  approaches, 
including  material  innovations,  to  obtain  the 
goal  of  an  improved  silver  zinc  cell. 

Among  those  approaches  was  to  use 
improved  negative  electrodes  which  incorporate 
the  use  of  a  binder  material  which  has  been 
shown  to  significantly  reduce  shape  change. 

Additionally,  an  improved  cellophane- 
based  separator  material  has  been  developed  by 
BST  Systems  (patent  pending). 

This  paper  will  discuss  in  Part  1  some  of 
the  material  improvements  made  in  cell 
components  by  BST  Systems.  In  Part  2  the  data 
from  a  development  program  incorporating 
multiple  component  improvements  is  presented, 
the  result  of  which  was  the  demonstration  of  a 
240  cycle  cell. 

All  work  presented  herein  was  conducted 
as  part  of  BST  Systems 's  on-going  internal 
development  and  improvement  program  whose  goal 
is  to  demonstrate  and  produce  enhanced  high 
performance  silver  zinc  cells. 


PART  lA;  RESTROCTDRED  CELLOPHANE 
BACaCGROOMD 

In  silver  zinc  secondary  battery  cells, 
regenerated  cellulose  (cellophane)  is 
positioned  under  pressure  between  anodes  and 
cathodes.  Cellophane  when  in  close  contact 
with  a  powerful  oxidant  such  as  silver 
divalent  oxide  (AgO)  and  in  the  presence  of  an 
elect  roly  ter  such  as  potassitim  hydroxide  (KOH) 
oxidizes  into  aldehydes  and  ketones.  This 
oxidation  reaction  weakens  the  structural 
integrity  of  the  film  making  it  more  permeable 
to  migrant  metal  ions  and  silver  impregnation 
by  colloidal  silver  which  eventually  short 
circuit  the  cell.  The  resulting  structural 
weakness  of  the  separator  also  make  the 
separator  more  susceptible  to  zinc  dendrite 
penetration.  In  practice,  multiple  layers  of 
cellophane  are  used  to  prolong  the  life  of  the 
separator  system.  This  not  only  adds  weight 
and  volume  to  the  cell  but  also  increases  the 
electrolytic  resistance  of  the  separator 
system. 


A  multi-year  separator  improvement 
program  has  been  conducted  to  improve  the 
separator  systems  for  silver  zinc  cells.  This 
effort  has  included  the  identification  of  new 
suitable  separator  materials  as  well  as  the 
improvement  of  currently  used  state-of-the-art 
materials . 

As  part  of  this  program,  BST  Systems, 
Inc.  developed  an  environmentally  benign 
process  that  alters  the  cellophane  such  that 
the  resultant  material  exhibits  improved 
resistance  to  silver  penetration. 
Additionally,  the  restructured  material  has 
similar  physical  characteristics  to  untreated 
cellophane  (thickness,  color,  resistance, 
etc.).  An  experimental  program  was  conducted 
to  verify  this  performance  in  silver-zinc 
cel  Is . 

EXPERIMENTAL 

A  film  of  uncoated  unplasticized 
cellophane  was  treated  according  to  the  method 
developed  by  BST  Systems.  Ten  5  AH  cells  were 
fabricated  utilizing  six  layers  of  this 
"restructured"  cellophane  around  each  positive 
electrode.  Control  cells  were  made  with  the 
standard  film. 

The  cells  were  placed  on  a  cycling 
program  where  the  cells  were  charged  at  a  C/10 
rate  and  100%  discharged  at  a  C/5  rate  for  50 
cycles.  At  the  end  of  the  cycling,  the 
cellophane  materials  were  removed  and  each 
layer  of  the  cellophane  wrap  was  analyzed  for 
silver  content. 
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The  results  of  this  silver  content 
analysis  are  presented  in  Figure  1.  The  data 
shows  that  the  cellophane  material  treated 
using  the  BST  process  has  significantly  larger 
quantities  of  silver  in  the  first  layer  (layer 
nearest  the  cathode) .  The  treated  material 
selectively  resists  the  passage  of  the 
dissolved  and  colloidal  cathodic  material  more 
effectively  than  untreated  cellophane  and  has 
superior  resistance  to  silver  penetration. 


O.g 
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04 


02 
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No  voltage  differences  were  discernible 
between  those  cells  built  with  the 
restructured  cellophane  and  those  built  with 
the  untreated  cellophane. 


FIGURE  1 


NORMALIZED  SILVER  PENETRATION  IN  CEUORHANE 
50CHARGE  -  DISCHARGE  CYCLES 


I  2  J  4  5  6 

LAYER  NUMBER 

^  REGENERATED  CELLQPHA.NE  ^  RESTRUCTUREDCELLOPHAXE 


"“re  then  charged  at  the 
C/10  rate  and  100%  discharged  at  the  C/5  rate 
for  a  total  of  ten  cycles.  Each  charge  cycle 
included  5  hours  of  overcharge  to  stimulate 
silver  migration.  The  cells  were  then 
dissected  and  the  first,  second  and  third 
layer  of  cellophane  of  each  cell  was 
chemically  analysed  to  determine  the  silver 
penetration  in  the  separator. 


RESDLTS 


The  results  of  the  silver  penetration 
analysis  are  presented  in  Figure  2.  The  data 
indicates  that  this  new  material  has  four 
times  more  resistance  to  silver  penetration 
than  the  non-woven  polyamide  fabric. 


FIGURE  2 


SILVER  PENETRATION  IN  SEPARATOR 

SILVER-ZINC  CELL  AFTER  lOCYCLES. 


^  CELLS  WITH  B2»  INTERSEPARATOR 


CELLS  Wrra  POLYAMIDE  INTERSEPARATOR 


PART  IB:  DEVELOPMENT  OF  A  SILVER  SCAVENGING 

MATERIAL 

BACKGROOHD 

As  discussed  above,  cellophane  is 
oxidized  and  weakened  by  silver  divalent  oxide 
(AgO)  in  the  presence  of  an  electrolyte  (KOH). 
The  use  of  a  permeable  material  such  as  a 
cellulosic  spacer  (Aldex  paper)  or  woven 
polymeric  material  or  non-woven  polymeric 
fabric  (nylon  or  "pel Ion")  has  been  shown  to 
be  effective  in  reducing  the  direct  contact  of 
the  semi -permeable  membrane  to  the  silver 
oxide  and  inhibiting  the  transport  of  the 
dissolved  oxide.  However,  the  attack  of  the 
dissolved  silver  oxide  on  the  cellophane  film 
cannot  be  prevented  by  the  above  type  spacer 
materials.  Several  materials  which  showed 
promise  as  spacer  materials  were  identified 
for  use  and  a  development  program  was 
conducted  to  quantify  their  performance. 
Based  on  promising  preliminary  results  one 
material,  designated  as  B239,  was  selected  for 
further  study. 

EXPERIMENTAL 

Six  12  AH  silver  zinc  cells  were 
fabricated  using  one  layer  of  B239  placed 
adjacent  to  the  silver  electrode  followed  by 
three  layers  of  cellophane.  A  layer  of  this 
material  was  also  placed  adjacent  to  the 
negative  electrodes.  Control  cells  were 
fabricated  using  nonwoven  polyamide  fabric  of 
identical  thickness  in  place  of  the  new 


BST  Systems  has  since  incorporated  this 
material  into  a  large  rechargeable  silver  zinc 
cell  with  excellent  results.  Cells  fabricated 
using  this  material  met  all  required  voltage 
and  capacity  requirement  and  successfully 
completed  extended  testing  where  the  cells 
were  maintained  on  charge  stand  or  on  "float" 
for  over  18  months. 


PART  2;  THE  DEVELOPMENT  OF  AH  EXTENDED  CYCLE 
LIFE  CELL 

A  silver  zinc  design  "concept"  was 
developed  and  produced  in  a  5  AH  cell 
configuration.  The  design  concept  was  a 
holistic  approach  to  cell  improvement  and 
involved  the  utilization  of  shape  resistant 
negative  electrodes,  the  use  of  restructured 
cellophane  and  other  polymeric  materials  as 
well  as  an  optimized  system  design. 


EXPERIMENTAL 

Six  5  AH  cells  were  fabricated  utilizing 
the  new  negative  electrodes  and  the  new 
separator.  Cell  design  details  are  tabulated 
in  Table  1.  Standard  45%  potassium  hydroxide 
was  utilized.  The  cells  were  then  cycled 
according  to  a  regimen  consisting  of  a  charge 
at  the  C/10  rate  followed  by  a  discharge  at 
the  C/5  rate.  In  order  to  truly  tax  the 
cells,  all  discharges  were  deep  (100%  depth  of 
discharge).  The  cycling  was  conducted  at  room 
temperature  until  failure  occurred. 
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TABLE  1 

L5  CELL  DESIGN 


FIGURE  4 

CAPACrTY  nCTCKTIOM  VCRBuS  CYCUE  MUMMR 
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Figure  3  illustrates  the  cycle  life 
performance  of  the  cells.  The  first  failure 
occurred  on  cycle  241.  Three  of  the  six  test 
cells  completed  300  cycles  without  failure. 
Cycling  was  halted  shortly  thereafter  on  these 
cells  after  the  output  capacity  fell  helow  50% 
of  the  initial  capacity. 


FIGURES 

CAPACITY  VERSUS  CYCLE  LIFE 


L5  CELL  DESIGS,  ALL  CYCLES  lOK  DOD 


CYCLE# 
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Capacity  retention  is  illustrated  in 
Figure  4.  The  cells  demonstrated  exceptional 
capacity  retention  over  the  life  of  the 
program.  After  100  deep  discharge  cycles  all 
cells  retained  approximately  80%  of  the 
initial  capacity.  After  200  deep  discharge 
cycles  the  cells  provided  an  average  of  68%  of 
their  initial  capacity.  The  three  cells  which 
provided  300  cycles  still  retained  50%  of 
their  original  initial  capacity.  Capacity 
retention  is  also  tabulated  in  Table  2. 


TABLE  ? 


CAPACITY  RETENTION  VS.  CYCLE  NUMBER 


Sliver  utilisation  continued  to  be 
excellent  throughout  the  life  of  the  cells. 
Silver  utilisations  were  in  the  order  of  2  8 
mAH/g).  After  200  cycles, 
were  in  the  order  of  4.6  g/AH 
(217  mAH/g).  Quantitative  data  is  shown  in 
Figure  5  illustrates  the  silver 
utilisation  over  300  deep  discharges  in 
graphical  format. 


lABliB  ? 

SILVER  DTILIZATIOM  AS 
A  PONCTIOM  OF  CYCLE  LIFE 

(bote:  all  discharges  here  to  100%  DOD) 
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COBCLOSIOWS 

Significant  improvements  in  silver  sine 
chemistry  have  been  demonstrated,  with  240-300 
cycles  having  been  achieved  at  100%  depth  of 
discharge. 

A  method  of  treating  the  cellophane  has 
been  developed  resulting  in  a  material  that 
exhibits  superior  resistance  to  dissolved 
cathodic  material,  colloidal  metals  and  their 
oxides.  The  derivative  material  is  semi 
permeable  and  similar  in  electrolytic 
resistance  to  that  of  regenerated  cellophane. 

Replacement  of  conventional  materials 
such  as  woven  and  non-woven  polyamide  and 
cellulosic  paper  with  the  new  silver 
scavenging  material  in  cells  containing  silver 
cathodes  would  significantly  reduce  the  rate 
of  failure  due  to  silver  migration  and  would 
be  very  effective  in  long  life  batteries. 

Significant  improvements  in  the  cycle 
life  and  cyclic  capacity  retentive  capability 
of  silver-xinc  secondary  cells  is  clearly 
possible.  For  applications  where  safety, 
reliability,  high  energy  density  and 
rechargeability  is  required,  extending  the 
cycle  capability  will  enhance  the 
attractiveness  of  this  chemistry. 
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DEVELOPMENT  OF  SILVER-ZINC  CELLS  OF  IMPROVED  CYCLE  LIFE  AMD  ENERGY  DENSITY 
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Abstrest* 

Substantial  improvtments  to  dw  cycle  life  and  eneigy 
density  of  rechargeable  sUver-zinc  cells  were  achieved 
during  a  Phase  I  SBIR  program,  sponsored  by  the  Naval 
Surface  Warfare  Center,  White  Oak  Detachment  (Dr.  S. 
James),  by  advancing  the  state-of-the-art  of  the  negative 
electrodes  and  the  separators. 

The  results  show  a  68%  longer  cycle  life  ( 1 60  vs  95), 
and  38%  better  utilization  of  active  materials,  along  witih 
70%  hi^wr  cqwcity  after  90  cycles,  c<»npared  with  standard 
cells. 

To  achieve  diose  improvements  we  relied  on  a  new 
class  of  materials,  known  as  Electro-Permeable  Membranes 
(EPM's),  covered  by  U.S.  Patent  No.  4,797,190,  issued  to 
Mr.  Robert  L.  Peck,  with  whom  Yardney  has  a  licensing 
agreement.  These  materials  are  used  as  additives  and/or 
coatings  for  the  zinc  oxide  electrodes  and  also  as  coatings 
for  conventional  separator  materials. 

Phase  n  work,  presently  under  way,  has  die  following 
main  objectives:  (1)  Optimization  of  EPM  formulations  for 
performance,  reliability  and  ease  of  manufacture  and  (2) 
Development  of  mass  production  techniques,  for  cells  of  all 
sizes. 

The  successful  completion  of  the  program  will  result 
in  improved  Ag-Zn  cells,  capable  of  150  cycles  as  a 
minimum,  at  hi^er  energy  densities  dian  presently  available 
and  with  extended  wet  life,  which  would  be  very  attractive 
for  a  multitude  of  military,  space  and  conunerical 
applications,  such  as  propulsion  for  small  submersibles, 
undersea  rescue  vehicles,  torpedoes  and  targets, 
conununications,  short  bursts  of  very  high  power,  missiles 
(for  telemetry,  control,  rocket  stage  separation,  self-destruct 
capability),  lunar  exploration,  astronaut's  extravehicular 
activities,  television  cameras  and  recorders,  surgical 
instruments,  pipeline  inspection  crawlers,  and  many  more. 

Backmound  Information 

Present  state-of-the-art  silver-mc  cells  offer  the 
highest  energy  density  among  the  corrunercially  viable 
rechargeable  batteries  (up  to  250  Wh/kg),  the  highest  power 
density  (up  to  800  W/kg  for  continuous  discharges  and  3000 
W/kg  for  short-duration  pulses),  a  relatively  low  self¬ 
discharge  rate  (3  to  8  percent  per  month  at  25'’C,  depending 
on  cell  design)  and  a  flat  voltage  during  most  of  the 
discharge.  However,  they  suffer  from  two  serious 
drawbacks: 

•  A  relatively  short  wet  life  (maximum  of  two 
to  three  years) 

•  Relatively  rapid  capacity  degradation,  which 
limits  the  number  of  useful  cycles  to  50-150 
(or  the  equivalent  munber  of  shallow  cycles) 

These  shortcotiungs  are  mostly  due  to  the  deficiencies  of 


two  of  the  cell  components:  the  zinc  electrode  and  the 
separators. 

The  Zinc  Electrode 

This  component  of  the  silver-zinc  system  is 
responsible  for  the  above  cycling  limitations.  Ilie  nujor 
reasons  are  shape  change  and  die  formation  of  zinc 
dendrites. 

Shape  Change:  This  is  a  phenomenon  vdiereby  zinc 
oxide,  formed  during  the  discharge,  is  partially  dissolved  in 
the  electrolyte  and  redeposited  during  the  charge  in  a 
location  different  from  where  it  originated.  The  result  is  a 
gradual  depletion  of  the  active  nuterial  at  the  top  and  edges 
of  the  electrode,  which  eventually  lose  all  electrochemical 
activity.  As  a  consequence  of  shape  change,  silver-zinc  cells 
lose  50  percent  of  their  initial  capacity  in  about  50  to  150 
cycles,  depending  on  design  and  mode  of  operation.  Within 
that  range,  capacity  losses  occur  faster  when  cells  are 
operated  at  high  charge  and/or  discharge  current  densities. 

Zinc  Dendrites:  Zinc  dendrites  are  a  sharp, 
crystalline  form  of  the  metal  drat  is  produced  near  the  end  of 
charge  and  during  overcharge  of  the  zinc  electrodes.  These 
dendrites  nmy  puncture  the  separators,  causing  irreversible 
cell  failure. 

The  Separators 

Regenerated  cellulose  in  various  forms  (plain  or 
treated  cellophane,  fibrous  sausage  casing)  has  been  used  as 
the  main  separator  for  silver-zinc  cells  since  the  early  days 
of  the  development  of  the  system.  Indeed  it  is  nearly  ideal 
in  many  respects,  but  it  suffers  from  one  serious  weakness- 
limited  resistance  to  oxidation  by  silver  oxides,  by  oxygen, 
and  by  the  electrolyte.  As  a  result,  the  life  of  silver-zinc 
cells  buUt  with  regenerated  cellulose  is  practically  limited  to 
about  two  to  three  years,  although  some  tested  under 
laboratory  conditions  have  lasted  over  four  years. 

Technical  Objectives 

The  main  technical  objective  of  the  program  is  the 
advancement  of  the  state-of-the-art  of  the  silver  oxide-zinc 
system  tiirough  improvements  to  the  negative  electrode  and 
the  separators. 

Improvements  to  the  Negative  Electrode 

This  is  not  an  easy  task,  as  all  earlier  attempts  to 
achieve  anything  more  than  modest  improvements  were 
unsuccessful,  or  in  the  case  of  recently  published  work, 
remain  unproven. 

However,  YTP  believes  that  substantial 
iminovements  can  be  achieved  that  would  extend  the  life  of 
die  silver-zinc  system  by  a  factor  of  two  or  better.  For  that 
purpose,  YTP  relied  for  most  of  the  work  on  a  new  class  of 
iruterials  known  as  Electro-Permeable  Membranes  (EPM's), 
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which  were  invented  by  Mr.  Robert  L.  Peck  of  T&G 
Corporation,  a  small  business  concern  located  in  Lebanon, 
Connecticut. 

PPM'S  are  die  analog  of  biological  membranes  which 
can  keep  two  different  solutions  or  electrolytes  separated 
indefinitely  yet  can  fi'eely  transfer  selected  ions.  They  have 
been  described  as  ionic  semiconductors  and  are  the  ionic 
analog  of  electronic  semiconductors. 

EPM  material  consists  of  a  two-polymer  blend.  One 
of  the  polymers  is  a  long  chain  hydrogel  such  as  used  to 
thicken  solutions  or  to  form  gels,  while  the  other  polymer  is 
a  supporting  material  and  can  be  one  of  the  common  plastics 
such  as  polypropylene,  polyvinyl  chloride  (PVC),  or 
polyvinyledene  fluoride  (PVDF).  There  is  a  broad  range  of 
hydrogels  and  plastics  that  can  be  used. 

For  use  in  silver-zinc  negative  electrodes,  various 
EPM  formulations  were  coated  on  zinc-oxide  particles  to 
provide  encapsulated  domains  expected  to  remain  stable 
during  charge  and  discharge,  thereby  maintaining  a  stable 
electrode  morphology. 

Improvements  to  the  Separators 

The  useful  life  of  silver-zinc  cells  is  normally  limited 
by  the  zinc  negative  electrode.  However,  as  soon  as 
substantial  advances  in  zinc  electrode  technology  are 
accomplished,  the  need  for  improved  separators  will  be  felt 
immediately.  Again,  YTP  relied  heavily  on  the  EPMs  for 
this  purpose  by  coating  them  onto  existing  separator 
materials.  The  films  that  were  applied  were  the  following: 

•  Cellophane,  still  predominant  in  rechargeable 
silver-zinc  cells;  only  one  side  of  the  film  was 
coated. 

•  Celgard  2500,  a  1-mil  microporous 
polypropylene  (with  45  percent  porosity), 
which  in  its  natural  form  is  hydrophobic  and 
therefore  unsuitable  as  a  separator  for  aqueous 
electrolyte  batteries.  The  high-water-chain- 
content  EPMs  impart  good  ionic  conductivity 
to  these  separators  while  their  negligible 
diffusion  rate  restricts  electrolyte  mobility  to 
a  minimum,  which  should  minimize  the  shape 
change  of  the  zinc  electrode.  Both  sides  of 
the  film  were  coated. 

Experimental 

The  work  on  Phase  I  of  this  program  was  divided  into 
several  tasks,  including: 

•  Development  and  preparation  of  EPM 

formulations  for  the  negative  electrode  and  the 
separators. 

•  Development  of  manufacturing  procedures  for 
small  quantities  of  negative  electrodes  with 
PPM'S  and  extension  to  pilot  plant  quantities. 

•  Coating  of  Celgard  and  cellophane  with 

EPM's. 

•  Cell  design  and  manufacture. 

•  Cell  testing. 


Details  of  the  last  two  tasks  are  described  below. 

Cell  Design  and  Manufacture 

A  total  of  36  cells  (4  each  of  9  different  variations) 
were  built  and  tested.  This  number  includes  4  standard  cells 
(one  variation)  and  24  (six  variations)  with  EPM's.  All  cell 
packs  occupied  the  entire  depth  of  Yardney's  12Ah  cell 
cavity  without  spacers.  As  a  result,  the  cells  had  variable 
amounts  of  active  materials  and  were  judged  both  in  terms 
of  overall  capacity  and  capacity  per  gram  of  active  silver. 

Details  of  Ae  design  of  die  best  performing  variation 
of  cells  with  EPM's,  designated  as  V2,  compared  with  that 
of  the  standard  cells  are  shown  in  Table  1  below. 


Table  1  -  Cell  Design  Details 


Denominatioo 

Vl(l) 

V2 

Positives,  number 

4 

4 

Collector 

(2) 

(2) 

Powder  (g) 

27.7 

34.0 

Dimensions  (in) 

1  50x2.25 

1.50x2.25 

Thickness  (in) 

.027 

.033 

Total  active  area  (in’) 

268 

26.8 

Negatives,  number 

5  (3f+2h)  (3) 

5(3f+2h) 

Collector 

perf.  Ag  foil 

perf  Ag  foil 

Zinc(g)  (4) 

23.5 

304 

Additives 

l%HgO 

3.8%  EPM(5) 

Thickness  (in)  (6) 

.053/0285 

.064/034 

Construction 

Pasted 

Mold  pressed 

Coating 

none 

none 

K  ratio  (7) 

.85 

.855 

Separators 

Positive 

5TC-19  (8) 

3TC2500(9) 

Negative 

1  P5-bag  (10) 

1  P5-bag 

Coating 

none 

EPM  (11) 

Electrolyte 

42%KOH 

42%KOH 

(1)  Standard  cell 

(2)  Expanded  silver  mesh 

(3)  Three  full  electrodes  (center)  and  2  halves  at  each  end 

(4)  Including  additives 

(5)  Solvent  based,  code  number  1 7iC 

(6)  Full/halfend 

(7)  K  =  mass  of  active  zinc  to  active  silver 

(8)  S  turns  YTP  silver  treated  cellophane 

(9)  3  turns  Celgard  2500 

(10)  5  mil  non  woven  nylon  (Pellon)  bag 

(11)  Code  number  2S2S 

Cell  Testing 

All  cells  were  given  three  formation  cycles  and  two 
tests  cycles,  as  shown  in  Table  2  below. 


Table  2  -  Formation  and  Test  Cycles 


Cycle 

No. 

Charge 

Discharge 

Drain[I] 

Current 

(A) 

EOCV 

Current 

(A) 

EODV 

Current 

(A) 

EODV 

F-l 

0.3 

2.10 

4.0 

1.10 

1.0 

1.10 

F-2F-3 

0.4 

2.05 

4.0 

l.IO 

- 

- 

1-2 

0.5 

2,05 

4.0 

l.IO 

- 

- 
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Note: 


(I]  Wbcn  IheVAdiaGhtege  has  reduced  cell  vohage  to  1. 10,  the 
cuncnt  is  lowered  lo  I  A  sod  the  discharge  ia 

oontinued,  again  to  a  I .  lO-V  cutoff 

At  the  end  of  cycle  2,  the  cells  were  divided  into  two 
gtoiqs  (two  cells  of  each  variation  per  group)  and  tested  as 
follows; 

Group  A:  The  cells  in  this  group  were  cycled 
continuously  on  a  computer  controlled  test  station ,  at  40% 
depth  of  discharge,  with  full  cecity  discharges  every  15 
cycles,  until  imable  to  deliver  their  shallow  cycle  capacity 
(approx.  143  mAh  per  gram  of  active  silver). 

Group  B:  These  cells  were  used  for  characterization 
tests,  including  gas  evolution  measurement  and  high  rate 
and  low  temperature  discharges. 

Test  Results 

For  the  sake  of  brevity,  only  the  results  of  variations 
VI  (standard)  and  V2  (best  p^onning  EPhTs)  are  shown. 

Cycles  1  and  2 

These  cycles,  performed  as  stated  in  Table  2,  were 
used  to  establish  the  baseline  capacity  of  the  cells.  The 
results  were  as  follows: 


Table  3  •  Cycles  1  and  2 


VoMtkn 

Na 

Cdl 

Na 

Output  (Ah) 

Avenge,  cys  1-2 

Cycle  1 

Cycle  2 

Ah 

mAh/g(l) 

VI 

1 

9.22 

9.58 

2 

9.84 

9.95 

19 

9.64 

9.84 

20 

9.82 

9.73 

Avg 

9.63 

9.78 

9.70 

350.2 

V2 

5 

12.25 

12.37 

6 

12.39 

12.57 

23 

12.65 

1173 

24 

12.58 

12.64 

Avg 

12.47 

12.58 

12.52 

368.2 

Note: 

(I)  miniampere-hounpergrimafwtivesilvtr 


Group  A:  The  deep  discharge  cq)acityofdieceUs  on 
this  regiine  is  shown  in  Figure  1;  Figure  2  depicts  die  same 
data,  expressed  in  mAh/g  of  active  silver.  The  actual 
number  of  cycles  to  failure  (as  defined  in  die  preceding 
paragraph)  and  die  reasons  diereof  are  listed  in  Table  4. 


Table  4  -  Cycles  to  Failure 


CeUNo. 

ViriaiioaNo. 

No.  of  Cycles 

Failure  hSode 

1 

VI 

94 

LC(1) 

2 

VI 

96 

LC 

5 

V2 

159 

SS(2) 

6 

V2 

162 

SS 

Notes:  (I)  LC~  low  capacity  (negative  etectrode'diqwchnge’) 

(2)  SS  ~  stow  abort  (silver  pcnetratioa) 

Group  B:  The  most  important  results  of  die  cells  in 
this  group  are  shown  in  Tables  S,  6  and  7  below. 


Tables  -  Gas  Evolution 


Variaiioa  Nombcr 

VI 

V2 

(jasEvaiutioo(I) 

cm’dr  X  g  Zo,  average 

18.3  X  10-* 

5.5x10* 

GaaEvohitica(2) 

cmVg  Zn,  average 

0.094 

0.028 

Notes: 

(1)  Last  8  hrsofa  24  hr  charged  stand  at  I00*F 

(2)  For  a  complete  diachirge  at  4.0A  at  2S*C 


Table  6  -  Low  Temperature  Discharges 


VatriaUoB  Nwaaber 

VI 

V2 

Discharge  (4.0A  at  0*C) 

Avg  mininium  voltage 

1.424 

1.417 

Avg  output  (Ah) 

8.64 

10.85 

Avg  mAh/g  silver 

312 

319 

Discharge  (4.0A  at  -20°C) 

Avg  minimum  voltage 

1.209 

1.128 

Avg  output  (Ah) 

7.36 

8.55 

Avg  mAh/g  silver 

266 

251 

Table?  -  High  Rate  Discharges  at  2S'’C 


VartatfoB  Number 

Vi 

V2 

Avenge  minimum  voltage 
at4.0A 

1.475 

1.472 

a(8.0A 

1.436 

1.435 

at  I2.0A 

1.407 

1.411 

Conclusions  (Phase  D 

Electrical  tests  performed  on  the  best  variation  of 
cells  with  EPNTs  (V2)  were  quite  encouraging  and  justify  die 
expectations  originated  by  preliminary  tests.  In  Group  A 
testing,  V2  ceUs  run  well  ahead  of  die  standard  cells  in  the 
following  areas: 

•  They  had  a  68  percent  longer  cycle  life  (160 
vs.  95). 

•  They  had  a  32  percent  better  silver  utilization 
after  60  cycles  and  a  38  percent  better 
utilization  i^er  90  cycles. 

•  The  overall  capacity  was  62  percent  better 
after  60  cycles  and  70  percent  better  after  90 
cycles.  This  margm  is  very  important  because 
it  reflects  the  actual  capacity  improvement 
realized  in  cells  of  the  same  external 
configuration.  The  improvement  results  fiom 
the  combination  of  a  better  silver  utilization 
and  the  additional  amount  of  active  materials 
made  possible  by  using  thinner  separators. 
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•  The  1 60  cycles  obtained  were  far  more 
than  ever  achieved  from  silver-zinc 
cells  with  main  separators  of  the  same 
thickness  (less  than  0. 1  nun). 

The  performance  in  Group  B  testing  of  cells  with 
EPMs  also  compares  favorably  to  that  of  the  standard  (VI) 
cells. 

•  Gasewlution  on  charged  stand  and  on 
discharge  was  only  about  30  percent 
that  ofihe  standard  cells.  This  is  a  very 
velooine  result  that  is  taken  as  evidence 
of  the  lower  solubility  of  negative 
active  material  in  the  electrolyte,  which 
translates  into  a  reduced  rate  of  shape 
change  and.  therefore,  longer  cycle  life. 

•  Voltages  at  4.0.  8.0,  and  12.0  A  were 
essentially  the  same  as  for  the  standard 
cells,  indicative  of  good  high-rate 
discharge  performance. 

•  Low  temperature  performance  was 
good  at  0“C  but  only  fair  at  -20®C. 
where  the  minimum  voltage  was  80 
millivolts  below  the  standard  cell 
voltage. 

Phase  n  Work* 

The  Phase  n  program  is  a  continuation  of  the 
Phase  I  efTort  with  the  following  main  objectives:  ( 1  ]  to 
demonstrate  that  improvements  beyond  those  achie^  in 
Phase  I  are  possible,  [2]  to  extend  those  improvements  to 
all  sizes  of  silver-zitK  cells,  including  those  used  for 
torpedo,  target  and  urunaimed  underwater  vehicle 
propulsion,  and  to  *dry  charged*  cells,  [3]  to  develop 
manufacturing  procedures  adaptable  for  the  production  of 
pilot  plant  or  larger  quantities  of  cells  containing  the 
additives  and/or  coatings,  and  [4]  to  develop  adequate  , 
quality  control  procedures  to  insure  the  reliability  of  the  < 
cells  mid  the  reproducibility  of  the  test  results.  ^ 

The  most  important  tasks  ofPhase  Dare:  1 

•  Further  development  and  preparation  of  ^ 

EPM  formulations  3 

•  Further  development  of  manufacturing 
procedures  for  negative  electrodes  with 
PPM'S,  with  emphasis  on  those 
adaptable  to  pilot  plant  or  mass 
production  quantities 

•  Development  of  quality  control 
procedures 

•  Cell  design  and  manufacture,  which 
includes  96-8.5  ampere-hour  cells, 
divided  into  3  groups  and  32-190 
ampere-hour  cells 

•  Cell  testing,  along  lines  similar  to  those 
of  Phase  1,  to  determine  cycle  life,  gas 
evolution  and  capacity  and  voltage  at 
high  rate  and  at  low  temperature 

Conclusions  (Phase  IH 

It  is  too  early  in  the  program  to  draw  any  clear 
conclusions.  The  major  accomplishments  achieved  so  far 


are; 

•  The  fabrication  of  composite  zino- 
oxide/EPM  electrodes  by  a  mass 
production  method,  i.e.:  wet  pasting 

•  The  bbrication  of  composite  zinc/EPM 
electrodes  by  electroforming  the  above, 
another  mass  production  technique 

•  The  verification  of  the  viability  of  the 
pasted  zinc-oxide/EPM  electrodes  by 
single  electrode  cell  tests 

•  The  coating  of  separators  (cellophane, 
Celgard  and  PVA)  with  EPMs 


•  •  *•*« 


*0  •*»  qn  tnn  lyn 

•I- 

o  jt  iqint  ,f 


CAP.^CITY  IN  DEEP  CYCEES 
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abstract 


This  paper  presents  the  means  to  automatically 
obtain  behavioral  models  of  primary  and  secondary 
batteries  based  on  SPICE  modeling.  The  behavior  of 
the  battery  is  recorded  by  a  frequency  signal  analyzer 
in  the  frequency  domain.  The  response  depends  on  the 
nature  of  the  electrochemical  couple,  the 
physlcochemlstry,  the  state-of-health.  the  state-of- 
charge  and  the  technology  of  the  cell.  A  computer 
software  program  analyzes  the  impedance  spectra, 
generates  electrical  equivalent  circuits  of  the  generator 
and  finally  produces  SPICE  input  files.  The  battery 
macromodel  can  be  used  by  the  large  family  of  analog 
circuit  simulators.  The  macromodel  can  be  a  simple 
description  of  the  battery  in  a  precise  state  or  a 
complex  representation  of  the  battery  working 
involving  the  variation  of  the  state-of-charge.  That  is 
realized  by  a  succession  of  discrete  models  or  by 
incorporating  variable  components  in  the  macromodel. 
Elxamples  of  modeling  are  given  for  nickel  cadmium 
and  lithium  carbon  batteries. 


The  impedance  measurements  were  carried  out  in 
the  frequency  range  0.1Hz-65KHz.  using  a  frequency 
response  analyzer  model  3562A  connected  to  an 
electrochemical  interface  model  SI  1286,  both  from 
Solartron  Schlumberger.  The  batteries  used  for  the 
experiments  were  AA  VR  nickel  cadmium  from  Saft, 
and  lithium  carbon  US 18650  types  from  Sony.  The 
nickel  cadmium  batteries  were  charged  at  the  C  rate 
with  an  overcharge  coefficient  of  1.4  and  discharged  at 
the  C  rate.  The  lithium  carbon  batteries  were  charged 
at  constant  current  (C  rate)  and  at  constant  voltage 
(4.2  V)  for  two  hours.  The  discharges  were  interrupt^ 
at  different  levels  to  make  impedance  measurements. 
The  real  state-of-charge  of  each  level  was  calculated 
after  the  complete  discharge  of  the  battery.  PSpice  6.0 
from  MicroSim  Corporation  was  used  as  Spice 
simulator.  The  data  analysis  and  PSpice  netlist 
generation  programs  were  written  in  Visual  C++  1.0 
from  Microsoft.  All  the  programs  run  on  the  IBM  PC 
family. 


INTRODUCnON 


HBTyORKy 


A  lot  of  work  has  been  devoted  to  the  modeling  of 
batteries.  Most  of  the  classical  models  are  based  on  a 
description  of  the  electrochemistry  and  the 
physlcochemlstry  of  the  batteries.  Sophisticated  ones 
can  also  include  a  description  of  the  technology  and 
the  hardware.  If  these  models  are  Interesting  for  the 
understanding  of  the  electrochemical  phenomena,  they 
present  some  limitations.  The  simulation  of  a  real 
working  from  basic  data  and  a  theoretical  analysis 
does  not  still  fit  well  the  experimentations  and  a 
readjustment  of  the  input  parameters  can  be 
necessary.  As  a  matter  of  fact,  these  models  are  more 
Interesting  for  the  electrochemists  and  battery 
manufacturers  for  the  improvement  and  the  design  of 
cells  than  for  the  battery  users. 

SPICE  is  a  powerful,  general  purpose  circuit 
analysis  program  that  simulates  analog  circuits  and  by 
far  the  most  popular  simulation  program  being  used 
today  by  electronlcians.  The  SPICE  models  of  batteries 
that  have  already  been  described  (I)  allow  to  simulate 
dicharge  curves  at  different  rates,  but  do  not  take  into 
account  the  complex  impedance  of  the  cells  amd  its 
possible  variation  with  the  battery  working. 

The  knowledge  of  the  source  Impedance  is  a  very 
important  parameter  to  connect  batteries  to  switching 
regulators,  choppers,  motors,  actuators,  relays,  etc... 
The  behavior  of  a  battery-powered  system  can  be 
disturbed  if  the  system  does  not  match  well  the 
battery.  That  is  why  it  is  interesting  to  modelize  an 
appliance  and  a  battery  in  the  same  time.  The 
presented  modeling  will  allow  to  consider  a  battery  as  a 
common  component  in  a  complex  electrical  circuit. 


The  basis  of  this  modeling  is  the  synthesis  of  the 
equlviJent  electrical  circuit  of  the  battery.  Until  now 
several  methods  have  been  investigated  in  order  to  fit 
experimental  data  obtained  by  impedance  spectroscopy 
(2]|3][4].  Most  of  these  techniques  needs  to  define  the 
network  to  fit  (structure  and  number  of  components) 
and  to  provide  to  the  computer  entry  data 
(approximative  values  of  the  components).  The 
frequency  response  of  a  system  does  not  uniquely 
determine  the  circuit  used  to  model  that  response  [5]. 
The  proposed  synthesis  is  arbitrary  and  does  not  t^e 
into  account  electrochemistry.  The  impedance  spectra 
recorded  at  different  states-of-charge  are  analyzed  with 
the  following  process.  The  basic  hypothesis  is  that 
most  of  the  impedance  spectra  (in  the  positive  real  / 
negative  imaginary  quadrant)  of  batteries  can  be 
modelized  by  n  RC  parallel  cells  in  series  (figure  1). 
that  means  by  a  distribution  of  time  constants  throu^ 
an  electrical  network. 

The  two  main  difficulties  are  the  determination  of 
the  time  constant  distribution  law  and  the  number  of 
RC  cells.  The  calculation  of  the  capacitor  and  resistor 
values,  and  the  determination  of  the  number  of  RC 
cells  are  realized  in  three  steps.  Firstly  the  number  of 
RC  cells  is  fixed  and  all  the  resistors  have  the  same 
value.  The  computer  generates  a  network  consisting  of 
one  RC  cell  and  adjusts  the  capacitance  to  reduce  the 
gap  with  the  experimental  spectrum.  A  second  RC  cell 
is  added  to  the  network  and  the  capacitance  is  still 
adjusted  as  prevlousely.  This  process  is  repeated  for  all 
the  RC  cells.  At  the  end,  the  calculated  impedance 
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spectrum  fits  well  with  the  experimentation,  but  the 
number  of  RC  cells  is  too  high. 


/  R,  \ 


\  Cl  /{] 


Figure  1.  Basic  circuit  of  the  battery  electric 
equivalent  network 


Figure  2  shows  the  value  of  the  capacitance  versus 
the  number  of  RC  cells  for  an  Impedance  spectrum  of  a 
lithium  carbon  battery.  As  a  matter  of  fact,  this  curve 
presents  the  distribution  of  the  time  constants  through 
the  network. 
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Figure  2.  Capacitance  versus  the  number  of  RC  cells 
for  a  lithium  carbon  battery 


Figure  3.  Experimental  and  fitted  impedance  spectra  of 
a  lithium  carbon  battery 


SPICE  MODELING 


The  first  work  consists  in  modeling  an  electrical 
network  with  components  varying  with  the  state-of- 
charge.  Each  resistor  and  capacitor  of  the  previous 
network  must  be  separatly  controlled  according  to  a 
table  describing  its  variation  versus  the  state-of- 
charge.  That  is  reedized  by  using  voltage-controlled 
resistors  and  capacitors.  The  components  are  obtained 
with  impedance  and  admittance  mutiplier  subcircuits 
[ZX  and  YX  subcircuits  in  the  PSpice  library).  These 
subcircuits  employ  an  external  component  (capacitor 
or  resistor)  that  is  sensed.  The  output  impedance  or 
admittance  equals  L^e  value  of  the  control  voltage 
times  the  reference.  As  a  result,  the  output  impedance 
or  admittance  is  seen  by  the  circuit  as  a  floating 
resistor  or  capacitor.  Figure  4  shows  the  simple  RC 
network  consisting  of  two  ZX  and  YX  subcircuits  in 
parallel  with  their  reference  components. 


The  second  step  consists  in  reducing  the  number  of 
cells  by  combining  the  cells  presenting  nearly  the  same 
capacitance.  After  this  operation,  the  new  computed 
impedance  spectrum  differs  slightly  from  the  previous 
one.  The  third  and  last  step  consists  in  a  final 
adjustement  of  the  synthesized  network  components 
by  an  iterative  procedure.  Figure  3  shows  the 
experimental  and  fitted  impedance  spectra  of  a  lithium 
carbon  battery.  The  several  Impedance  spectra  are 
recorded  during  the  complete  discharge  of  a  battery. 
The  two  first  steps  are  only  realized  once  and  the  final 
adjustment  at  each  time.  That  allows  to  have  a 
continuous  variation  of  the  network  components  with 
the  state-of-charge. 


Figure  4.  Voltage-controlled  RC  cell 
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Hie  values  of  the  components  are  imposed  by  a 
look-up-table  voltage -controlled  voltage  source 
(ETABLE)  that  contains  their  discrete  variations.  This 
look-up-table  source  modelizes  the  resistance  or  the 
capacitance  variation  versus  the  state-of-charge.  The 
intermediate  values  are  interpolated.  The  complete 
battery  equivalent  circuit  comprises  several  circuits  as 
described  above  in  series.  Each  circuit  is  characterized 
by  its  own  look-up  table.  By  applying  a  voltage  between 
OV  to  IV  to  the  SOC  input,  the  Impedance  spectrum 
varies  continuously  from  0  to  100%  of  state-of-charge. 
This  network  is  included  as  a  subcircuit  in  an  other 
circuit  that  modelizes  the  discharge  of  the  battery 
taking  into  account  the  voltage  variation  with  the 
state-of-charge  and  the  energy  efficiency  with  the 
discharge  rates.  A  possible  electric  circuit  is  illustrated 
in  figure  5. 


Figure  5.  Generic  electric  circuit  of  a  battery 

A  look-up-table  voltage-controlled  voltage  source 
generates  the  battery  voltage  according  to  a  memorized 
voltage  profile.  This  voltage  source  receives  as  input 
the  state-of-charge  that  is  calculated  by  discharging  a 
capacitor  (Cl)  at  constant  current.  The  dicharge 
current  is  measured  in  the  battery  circuit  and 
converted  in  voltage  by  a  controlled-current  voltage 
source  (HI).  This  voltage  is  applied  through  a  low  pass 
filter  (R2  and  C2)  to  a  look-up-table  voltage-controlled 
current  source  (GTABLE)  that  discharge  the  capacitor 
Cl.  This  table  contains  conversion  and  compensation 
factors  to  fix  the  capacity  of  the  battery  and  to  modify 
the  value  of  the  output  current  as  a  function  of  the 
discharge  rate.  The  purpose  of  the  low  pass  filter  is  to 
not  take  into  account  the  pulse  consumption.  The  two 
battery  terminals  on  the  electrical  diagram  are  the 
OUT+  and  OUT-  labels.  The  complete  battery  circuit 
can  be  used  as  a  subcircuit  in  the  electrical  diagram  of 
a  battery-powered  application. 


GENERAHOW  OF  BATTERY  BIACROMODELS  AND 
RESULTS 


The  program  written  for  the  automatic  battery 
model  generation  analyzes  the  data  from  the  frequency 
response  analyzer,  computes  the  equivalent  electrical 


network  and  generates  the  PSpice  netllst.  The 
frequency  response  analyzer  is  programmed  through 
the  computer  to  record  successive  impedance  spectra 
during  a  discharge.  Data  concerning  the  battery 
efficiency  are  introduced  separatly  and  come  from 
discharges  at  different  rates.  Figure  6  shows  the  flow¬ 
chart  of  the  complete  process. 


Nine  impedance  spectra  were  recorded  during  the 
discharge  for  lithium  carbon  and  five  for  nickel 
cadmium.  After  data  analysis,  the  number  of  RC 
parallel  cells  was  respectively  four  and  five.  Impedance 
analysis  was  performed  with  the  SPICE  simulator  by 
connecting  a  frequency  swept  AC  courant  generator  to 
the  OUT+  and  OUT-  terminals  in  the  electrical 
diagram.  Figures  3  and  7  show  the  initial  experimental 
and  fitted  impedance  spectra.  A  more  complete 
comparison  was  achieved  with  varying  the  state-of- 
charge.  The  variation  of  the  modulus  and  the  phase  of 
the  impedance  of  lithium  carbon  and  nickel  cadmium 
batteries  with  the  state-of-cheirge  are  illustrated  in 
figures  8  and  9.  The  fitted  results  agree  very  well  with 
the  original  data  through  the  frequency  range  and  the 
state-of-charge. 


CONCLUSION 


One  of  the  main  interest  of  SPICE  macromodels  of 
batteiy  is  to  take  into  account  the  environment  and  to 
allow  to  simulate  the  bidirectional  interactions  between 
the  battery  and  the  application.  In  the  case  of  classical 
electrochemical  models,  that  is  very  difficult  to  realize 
without  writting  a  program  for  a  specific  application. 
SPICE-like  programs  run  on  numerous  mainframe 
computers  and  personal  computers,  and  on  various 
operating  systems.  So  the  portability  of  these  models  is 
very  good  and  they  allow  the  users  to  evaluate 
batteries  in  their  own  application  with  a  simple  SPICE 
simulator.  Future  improvements  will  concern  the 
implementation  of  the  impedance  variation  with  the 
discharge  rate,  a  more  precise  analysis  of  the  battery 
efficiency  and  the  influence  of  the  temperature. 
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Figure  7.  Experimental  and  fitted  Impedance  spectra  of 
a  nickel  cadmium  battery 


State  of  Charge 


Figure  8.  Variation  of  the  modulus  and  the  phase  of 
the  impedance  of  a  lithium  carbon  battery  with  the 
state-of-charge 


Figure  9.  Variation  of  the  modulus  and  the  phase  of 
the  Impedance  of  a  nickel  cadmium  battery  with  the 
state-of-charge 
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Abstract 

The  nickel-hydrogen  battery  system,  extensively  used  in  the 
aerospace  industry,  is  being  developed  for  terrestrial,  commercial 
applications.  Low-cost  components,  electrodes,  cell  derigns  and 
battery  designs  are  currently  being  tested.  Catalytic  hydrogen 
electives  have  been  developed  which  are  compatible  with 
commercial  battery  cost.  Prismatic  and  spiral-wound  cell  designs 
have  been  built  and  tested.  Common  pressure  vessel  battery  designs 
are  also  being  evaluated.  The  nickel-hydrogen  battery  offers 
potential  cycle  life  unequaled  by  any  other  battery  system.  This 
makes  the  battery  ideal  for  remote  stand-alone  power  systems  and 
other  applications  which  require  long  life  and  a  truly  maintenance- 
free  and  abuse  tolerant  battery  system. 

Introduction 

The  nickel-hydrogen  (NiHa)  battery  system  has  been  in  production 
for  aerospace  applications  for  more  than  twenty  years'.  Eagle- 
Picher  currently  has  NiH]  batteries  operating  aboard  more  than  SO 
earth-orbital  cormnunications  and  surveillance  satellites.  Over  100 
million  cell-hours  have  been  accumulated  in  actual  spacecraft 
operation,  including  both  low-earth-orbit  (LEO)  and  geostationary- 
earth-orbit  (GEO)  satellites.  Additional  ground-based  testing  at 
Eagle-Picher  has  established  cycle  life  performance  of  more  than 
95,000  charge/discharge  cycles.  This  advanced  aerospace 
technology  is  now  being  developed  for  use  in  commercial, 
terrestrial  applications^. 

The  NiH:  battery  system  has  a  number  of  unique  advantages  which 
make  it  ideal  for  many  commercial  applications  such  as 
telecommunications,  uninterruptible  power  supplies  (UPS),  utility 
load  leveling,  standby  power,  electric  vehicles^  and  remote  location 
power  systems^.  The  NiHj  battery  provides  both  high  energy 
density  and  excellent  power  density.  Hydrogen  provides  a  very 
lightweight,  efficient  energy  storage  material.  Due  to  the  unique 
electrochemistry,  the  NiH:  system  is  an  inherently  fault-tolerant 
design  with  excellent  overcharge,  overdischarge  and  deep  cycle 

capabilities.  The  battery  is  hermetically  sealed  and  truly 
maintenance-free.  The  internal  hydrogen  pressure  is  a  direct  linear 
function  of  battery  state-of-charge  (SOC)  and  thereby  provides  a 
simple  and  reliable  method  of  determining  the  SOC  of  the  battery. 
Also,  the  NiH:  battery  does  not  contain  any  toxic  matenals  such  as 
lead,  cadmium  or  mercury  and  can  be  readily  recycled.  Projected 
battery  costs  are  directly  comparable  with  other  nickel  battery 
systems  and  competitive  with  lead-based  batteries  on  a  life  cycle 
cost  basis. 

Nickel-Hvdrogen  Battery  Design 

A  nickel-hydrogen  cell  develops  a  potential  of  about  1.2S  volts  at 
the  mid-point  of  discharge,  at  a  C/2  rate.  Multiple  cells  must  be 
combined  into  batteries  for  applications  requiring  higher  voltages. 
Battery  design  is  dependent  on  the  cell  design,  battery  operating 
parameters  and  application  requirements.  Different  cell  designs 
require  different  packaging  considerations.  A  description  of  several 
advanced  battery  designs  has  been  previously  published’. 


Common  Pressure  Vessd  Battery  Design 

The  most  efficient,  low-cost  conunercial  battery  designs  are 
common  pressure  vessel  (CPV)  applications,  containing  individual 
cells  such  as  the  prismatic  or  spiral-wound  geometry  (Figure  1). 
The  primary  requirement  at  the  battery  level  is  hydrogen  gas 
containment  and  electrical  and  thermal  interface  at  the  system  level. 
The  battery  container  must  be  hermetically  sealed  in  order  to 
contain  the  hydrogen  gas,  without  which  the  battery  will  not 
function.  The  individual  cells,  connected  in  series/parallel  strings, 
are  contained  within  the  battery  container.  Multiple  containers  can 
be  used  for  a  modular  approach  to  larger  battery  systems.  Thermal 
considerations  are  minirn^  except  in  qrplications  with  an  arnbiem 
temperature  above  40  ‘’C.  Battery  coolii^  options  can  be  employed 
for  this  type  of  service.  Passive  cooling  methods  have  been 
investigated  such  as  the  “Cool  CeU”  technology  patented  by 
Zomeworks  Corporation.  A  strain  gauge  or  pressure  transducer  can 
be  attached  to  the  battery  container  in  order  to  monitor  the  battery 
state-of-charge. 


Figure  1  Spiral- Wound  Nickel-Hydrogen  Cell 

A  12  VDC,  120  Ah  CPV  battery  was  built  in  conjunction  with 
Zomeworks  Corporation  (Figure  2).  The  cells  are  a  light-weight 
prismatic  design  (Figure  3).  The  CPV  battery  container  was 
fabricated  by  Zomeworks.  Initial  testing  on  the  battery  has  shown 
excellent  results.  A  typical  charge/discharge  profile  is  shown  in 

Figure  4.  The  battery  charges  at  a  rtuximum  voltage  of  15.5  VDC 
and  has  a  mid-point  discharge  voltage  of  12.2  VDC.  The  charge 
and  discharge  voltage  profile  is  fiat  and  uniform,  making  the  system 
ideal  for  interface  with  photovoltaic  charging  systems.  The 
performance  and  abuse  tolerance  of  the  battery  simplifies  the 
charging  system  electronics  required  for  reliable  operation.  The 
battery  delivers  120  Ah  at  25  ®C.  The  internal  battery  pressure  is 
linear  as  a  function  of  the  current  during  both  charge  and  discharge. 
The  battery  has  a  maximum  operating  pressure  of  180  psi.  This 
operating  pressure  is  simply  a  function  of  the  free  volume  available 
in  the  battery  to  contain  the  hydrogen  gas.  The  battery  can  be 
designed  to  operate  at  higher  or  lower  pressures.  The  cell  design 
exhibits  low  internal  impedance  which  increases  the  efficiency  and 
rate  capability  of  the  battery.  This  is  a  prototype  battery  design  for 
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vohime  packaging  and  places  all  cell  terminals  in  dose  proxunity 
along  the  length  of  the  battery.  The  resulting  ability  to  re&ice 
intercell  wiring  offers  additional  efficiency  and  savii^. 


Figure  4.  CPV  Batteiy  Voltage  and  Pressure  Performance 


Figure  2.  Terrestrial  CPV  Nickel-Hydrogen  Battery 


Figures.  Prismatic  Nickel-Hydrogen  Cell  Design 


Dependent  pressure  vessel  (DPV)  technology  is  a  modular 
approach  to  NiH2  batteiy  design.  The  DPV  cell  design  incorporates 
the  best  features  of  the  prismatic  geometry,  while  achieving 
maximum  efficiency  in  hydrogen  gas  containment.  As  shown  in 
Figure  5,  the  geometry  of  a  DPV  cell  requires  some  support  of  the 
flat  surfaces  and  the  cell  is  partially  dependent  upon  the  batteiy 
package  for  gas  pressure  containment.  The  cell  design  has  the 
advanuge  of  a  prismatic  flat-plate  electrode  stack  (Figure  6).  Die 
cells  can  be  readily  packaged  into  a  batteiy  or  batteiy  module  uwng 
a  simple  endplate/connecting  rod  configuration.  A  major  deagn 
advantage  is  that  the  battery  support  structure  is  efficiently  required 
to  restrain  the  force  applied  to  a  portion  of  the  end  cell  only.  As 
the  DPV  cells  are  stacked  in  series  to  achieve  the  desired  system 
voltage,  this  increment  of  the  total  battery  weight  becomes  ^l. 
The  geometry  of  the  DPV  cell  also  promotes  compact,  minimum 


Figures.  Dependent  Pressure  Vessel  (DPV)  Batteiy  Design 


Figure  6.  DPV  Internal  Cell  Constiuction 
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Tubular  Nicket-Hvdrogcn  Battery  Design 

The  tubular  NiH:  battery  design  is  appropriate  to  the  spiral-wound 
or  cylindrical,  flat  plate  cell  design.  The  individual  cells  can  be 
stacked  end-to-end  along  the  length  of  a  tubular  pressure  vessel. 
The  advantage  of  this  design  is  that  higher  operating  pressures  can 
be  accommodated  in  a  cylindrical  container,  with  less  weight  of 
pressure  vessel  material.  This  design  also  offers  higher  volumetric 
energy  density  by  minimizing  cell  pressure  vessel  volume  and  by 
maximizing  the  battery  packaging  efficiency.  The  length  and 
diameter  of  each  modular  battery  tube  would  be  designed  for  the 
specific  application.  This  could  be  standardized  for  design  simplicity 
and  cost  effectiveness.  Multiple  tubes  can  be  nested  together  to 
form  a  complete  battery.  This  battery  design  is  also  applicable  to  a 
bipolar  NiH2  cell  arrangement.  Bipolar  cells  could  be  stacked  along 
the  inside  diameter  of  the  tube.  This  would  provide  maximum  high 
current  capability  for  electric  vehicle  or  other  high  rate  or  pulse 
applications. 

Low  Pressure  Nickel-Hvdropen  Battery  Design 

Metallic  alloys  which  reversibly  store  hydrogen  can  be  used  in  the 
NiH:  system  to  lower  the  cell  operating  pressure.  This  work  was 
pioneered  in  the  early  1970’s  by  Comsat  Laboratories  and  provided 
the  technology  basis  for  the  later  development  of  the  nickel-metal 
hydride  battery  system.  The  hydrogen  anodic  active  material  is 
stored  as  a  solid  metallic  hydride  rather  than  as  molecular  hydrogen 
gas.  This  is  a  distinctly  different  application  than  the  nickel-metal 
hydride  battery,  in  which  the  hydride  material  is  used  directly  as  an 
electrochemical  cathode  or  anode.  In  the  NiHj  system,  the  hydride 
forming  alloy  chemically  adsorbs  and  desorbs  the  hydrogen 
produced  at  a  conventional  hydrogen  electrode.  The  advantage  of 
this  design  is  that  the  inherent  cycle  life  limitation  of  the  hydride 
electrode  is  avoided.  Hydride  alloys  have  the  inherent  tendency  to 
decrepitate  and  undergo  pulverization,  due  to  volume  expansion 
and  contraction  which  occurs  as  the  electrode  is  hydrided  and 
dehydrided  (charged  and  discharged). 

In  the  NiH:  system,  the  hydride  alloy  is  not  used  as  an  electrode 
and  doesn’t  have  to  maintain  any  structural  integrity  or  particle-to- 
particle  bonding.  In  fact,  the  reduced  particle  size  and 
corresponding  increase  in  surface  area  that  occurs  during  normal 
cycling  increases  the  efficiency  of  the  material  in  this  application. 
Another  advantage  is  that  the  hydride  alloy  doesn’t  have  to  undergo 
direct  exposure  to  the  corrosive  alkaline  environment,  produced  in 
the  cell  by  the  concentrated  hydroxide  electrolyte,  oxygen  evolution 
at  the  nickel  electrode  and  anodic  polarization  of  the  hydride 
material  during  discharge.  Corrosion  of  the  hydride  material  is  a 
significant  problem  in  the  nickel-metal  hydride  battery.  The 
advantage  to  the  NiH2  system  is  that  the  volumetric  energy  density 
of  the  system  is  increased,  for  applications  where  this  aspect  is 
important. 

Terrestrial  Nickel-Hvdrogen  Battery  Applications 

One  of  the  important  new  areas  of  terrestrial  battery  application  is 
independent  power  systems.  These  systems  generate  electricity 
from  a  renewable  source  such  as  solar  or  wind  energy.  Larger 
systems  typically  use  these  renewable  energy  sources  to  displace 
operation  of  diesel  generators,  with  a  resulting  savings  in  fuel  and 
maintenance  costs.  More  commonly,  small  independent  systems  of 
less  than  10  kilowatts  peak  (kWp)  utilize  no  fossil  fuels,  but  rather 
store  a  portion  of  the  converted  energy  for  later  use.  These  small 
systems  are  typically  supplied  by  solar  cells  because  of  their 
simplidty  and  reliability. 


Application  of  independent  power  systems  is  practical  in  situations 
where  central  electric  grids  are  nonexistent,  such  as  in  third  world 
countries  and  even  some  remote  areas  of  the  U.S.  Solar-electric 
systems  are  economically  competitive  with  more  traditional  remote 
power  conversion  technologies  such  as  diesel  or  gasoline 
generators.  The  independent  systems,  such  as  solar  and  wind 
power,  are  well-suited  to  remote  applications  because  they 
eliminate  fuel  source  dependence  and  the  maintenance  requirements 
associated  with  internal  combustion  engine-driven  generators. 
While  expensive  compared  to  grid-generated  power,  electricity 
fi'om  solar-driven  independent  power  systems  is  the  solution  of 
choice  in  remote  areas  where  grid  power  is  not  available.  These 
systems  vary  in  size  from  less  than  0. 1  kWp  for  a  single  home  to 
supply  lights  and  radios,  to  village-sized  systems  of  2-10  kWp  for 
residential  and  commercial  uses.  While  these  consumption  rates  are 
less  than  S%  of  western  standards,  even  these  small  inputs  of 
electricity  can  profoundly  impact  on  the  lives  of  those  who  receive 
them. 

Third  world  application  of  independent  power  systems  provides 
special  challenges,  especially  in  the  area  of  energy  storage.  System 
design  places  a  premium  on  reliability  rince  the  availability  of  parts 
and  qualified  service  personnel  are  usually  minimal.  The  storage 
component  of  these  systems  tends  to  be  the  limiting  factor  for 
reliability.  While  the  solar  components  have  a  failure  rate  of  only  1 
in  10,000  per  year,  flooded  lead-acid  batteries  typically  last  less 
than  one  year  in  these  applications.  These  batteries  are  short-lived 
because  of  frequent  and  extended  periods  of  low  state-of-charge, 
extended  deep  cycling  and  lack  of  regular  maintenance.  Storage 
battery  management  is  usually  rudimentary,  typically  consisting  only 
of  high  and  low  voltage  cut-offs;  more  complex  controls  are  seldom 
used  because  of  reliability  issues.  The  NiH2  battery  has  a  very  flat 

charge  and  discharge  profile  which  makes  interfacing  with  a  solar 
array  even  more  efficient.  Both  the  batteries  and  the  expensive  solar 
panels  in  standard  lead-acid  based  systems  are  typically  oversized 
by  a  factor  of  two  to  prevent  over-discharge  and  to  extend  battery 
life.  The  use  of  a  long  cycle  life,  abuse  tolerant  system  such  as  NiH2 
would  eliminate  the  need  for  excessive  overdesign,  significantly 
reducing  overall  system  size,  weight  and  cost.  The  NiH2  battery  is 
uniquely  suited  to  interfacing  with  photovoltaic  systems, 
particularly  as  this  is  the  normal  operational  mode  in  spacecraft 
applications 

The  limitations  of  existing  storage  devices  in  independent  power 
systems  suggest  that  new  battery  technology  could  substantially 
broaden  third-world  electrification.  The  following  battery  traits 
would  be  important  improvements  over  currently  used 
technologies;  including  tolerance  to  low  state-of-charge,  long  cycle 
and  calendar  life,  simple  monitoring  of  state-of-charge  and  sealed, 
zero-maintenance  packaging.  The  ultimate  goal  for  the  energy 
storage  sub-system  would  be  to  bring  its  reliability  up  to  the  same 
standards  as  the  power  conversion  components,  such  as  the  solar 
arrays.  The  nickel-hydrogen  battery  has  the  necessary  performance, 
reliability  and  cycle  life  to  make  these  types  of  independent  power 
systems  both  possible  and  practical. 
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Conduaiona 


Egferm«8 


The  nickel-hydrogen  system  has  been  successful  in  replacing 
aerospace  nickel-cadmium  batteries  for  use  in  earth  orbital 
satellites.  Eagle-Picher  NiHi  technology  has  been  fiilly  proven  on 
munerous  U.S.  and  European  spaceflight  programs.  New  nickel- 
hydrogen  technology  is  being  developed  for  both  low  cost 
aerospace  and  commercial  appUcations.  Aerospace  applications 
have  provided  the  basis  for  K1H2  battery  system  development.  This 
advaiKed  aerospace  technology  is  being  a^ted  for  terrestrial  use. 
The  basic  technology  required  for  adaptation  of  the  NiHi  system  to 
low-cost,  commercial  applications  is  in  place.  Low-cost  cell 
components,  new  cell  designs  and  innovative  battery  designs  have 
made  tlus  transition  possible.  The  advantages  of  the  NiHi  battery 
system  are  unique.  The  system  is  ready  for  many  terrestrid 
applications,  such  as  remote  power  systems,  and  with  some 
additional  development  work  the  system  can  be  made  even  more 
cost  effective. 
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STRENGHTENING  THE  WEAKEST  LINK 

IMPORTANCE  OF  BATTERY  ANALYSIS  AND  MAINTENANCE 

Isidor  Buchmann 
Cadex  Electronics  Inc. 

Burnaby,  British  Columbia,  Canada 


Improvements  in  battery  technology  have 
virtually  eliminated  this  phenomenon.  Tests 
performed  at  a  Black  &  Decker  lab,  for  example, 
showed  that  the  effects  of  "cyclic  memory"  were 
so  minute  that  they  could  only  be  detect^  with 
sensitive  instruments.  After  the  same  battery  was 
discharged  for  a  different  length  of  time,  the 
cyclic  memory  phenorr  ould  no  longer  be 
detected. 

The  problem  with  thi.  m  NiCd  battery  is 
not  the  cyclic  memory  but  the  effects  of 
crystalline  formation.  The  active  materials 
(nickel  &  cadmium)  of  a  NiCd  battery  are 
present  in  crystalline  form.  When  the  memory 
phenomenon  occurs,  these  crystals  grow, 
forming  spike  or  tree-like  dendrites  that  cause  the 
NiCd  to  gradually  lose  performance.  In  advanced 
stages,  these  crystals  may  puncture  *He  separator, 
causing  high  self-discharge  or  an  electrical  short. 

The  crystalline  effect  on  the  NiCd  cell  plates 
is  similar  to  the  crystal  formation  during  the  use 
of  calcium  chloride  to  clear  the  roads  of  snow 
and  ice.  As  the  salt  absorbs  water,  crystal 
formation  can  be  observed. 


Figure  I  The  CADEX  C4000  Is  a  programmable  battery  analyzer  capable  of  servicing  NiCd,  NiMH 
and  SLA  batteries.  Four  batteries  can  be  processed  simultaneously  and  are  tested  at  their  actual 
voltage  and  current  ratings. 


One  of  the  common  difficulties  with  battery  powered  equip¬ 
ment  is  the  gradual  deterioration  in  performance  after  the 
first  year  of  service.  Although  fully  charged,  the  battery 
may  only  deliver  half  of  its  original  capacity,  resulting  in  unexpected 
down-time. 


Preventative  Maintenance 
Crystalline  formation  only  presents  a  problem 
if  the  battery  is  left  in  the  charger  for  days  or 
repeatedly  recharged  without  a  periodic  full  dis¬ 
charge.  Such  a  condition  is  conunon  with  portable  communications 
equipment.  It  is  not  necessary  to  discharge  a  NiCd  before  each 
charge.  A  discharge  to  one  volt  per  cell  once  a  month  is  sufficient 
to  keep  the  crystal  formation  under  control.  Such  a 
discharge/charge  cycle  is  commonly  referred  to  as  "exercise". 


Unexpected  down-time  occurs  almost  always  at  the  most  critical 
moment.  Under  normal  conditions,  the  battery  holds  enough  power 
until  recharged.  In  an  emergency  situation,  more  energy  is  needed 
and  a  marginal  battery  carmot  provide  the  extra  power  required. 


If  exercise  is  neglected  for  four  months  or  more,  the  crystals 
engrain  themselves,  making  them  difficult  to  dissolve.  In  such  a 
case,  exercise  is  no  longer  effective  in  restoring  a  battery  and 
"recondition"  is  required. 


In  fact,  the  Falkland  War  could  have  been  lost  due  to  marginal 
batteries.  The  British  Army  had  assumed  that  a  battety  would  be 
fully  reliable  when  recharged  in  accordance  to  military  procedures. 
Not  so.  When  command  was  given  to  launch  the  portable  missiles, 
nothing  happened.  The  batteries  did  not  perform  and  the  missiles 
did  not  fly  that  day. 

The  battery  is  a  mystical  "black  box"  with  a  mind  of  its  own.  It 
does  not  change  wei^t,  color  or  shape  to  indicate  state  of  charge. 
It  simply  quits  when  exhausted. 

In  many  ways  the  battety  exhibits  human-like  characteristics:  it 
needs  good  nutrition;  it  prefers  a  moderate  room  temperature,  and, 
in  case  of  the  Nickel  Cadmium  (NiCd)  battery,  requires  regular 
exercise.  The  batteries  used  in  the  Falkland  War  were  believ^  to 
have  been  affected  by  a  phenomenon  referred  to  as  "memory". 

Memory:  Mvth  or  Fact? 

There  is  some  misconception  about  the  word  "memory". 
Memory  is  commonly  blamed  for  any  battety  failure  known  to 
man.  The  word  "memory"  is  derived  from  "cyclic  memory", 
meaning  that  a  NiCd  battery  can  remember  the  depth  of  discharge 
applied  previously. 


Recondition  is  a  secondary  discharge  that  slowly  drains  the 
battety  of  its  remaining  energy.  Lab  tests  have  indicated  that  the 
NiCd  cell  needs  to  be  discharged  to  at  least  0.6  volts  per  cell  to 
effectively  dissolve  the  more  stubborn  crystalline  build-up.  When 
applying  recondition,  the  current  must  be  set  low  enough  to  not 
cause  damage  through  cell  reversal. 


Figure  2  Effects  of  exercise  vs.  recondition 
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Not  all  batteries  respond  equally  well  to  recondition.  In  the 
study  in  Figure  2,  four  batteries  afflicted  with  various  degrees  of 
memory  are  analyzed.  All  batteries  are  first  fully  charged,  followed 
by  a  discharge  to  one  volt  per  cell.  The  resulting  capacities  are 
plotted  on  a  scale  of  0  to  120%.  An  additional  charge/discharge 
cycle  is  applied  (dotted  line)  and  the  battery  capacities  are 
evaluated  again. 

Battery  "A"  responded  well  to  exercise.  This  result  is  typical  of 
a  battery  that  had  been  in  service  for  only  a  few  months  or  had 
been  exercised  periodically.  Batteries  "B"  &  "C"  required 
recondition  (solid  line)  to  recover  to  full  performance.  Note  that 
the  capacity  of  the  new  battery  was  further  enhanced  after 
recondition  was  applied.  When  examined  after  six  months  of  field 
use,  the  batteries  still  showed  excellent  capacity  readings. 

Not  all  batteries  will  recover  with  recondition.  An  older  battery 
may  even  get  worse.  If  this  occurs,  the  battery  is  a  candidate  for 
retirement.  This  type  of  battery  may  be  compared  to  an  old  man  to 
whom  a  vigorous  exercise  is  harmful.  On  the  other  hand,  an  old- 
timer  that  has  recovered  to  near  full  capacity  should  be  re-hired 
with  caution,  as  it  may  be  subject  to  high  self-^scharge. 

Self  Discharge 

The  NiCd  battery  has  a  relatively  high  self-discharge.  If  left  on 
the  shelf,  a  new  NiCd  loses  about  10%  of  its  capacity  in  the  first  24 
hours.  At  higher  ambient  temperature,  the  self-discharge  increases. 
Likewise,  an  older  battery  has  higher  self-discharge  than  a  new 
one.  A  problem  arises  if  a  seemingly  good  battery  self-discharges 
within  a  day,  a  phenomenon  not  too  uncommon. 


A  high  self-discharge  is  caused  by  a  damaged  separator.  The 
separator  is  a  thin  insulator  that  isolates  the  positive  and  negative 
cell  plates.  Once  injured,  the  separator  can  no  longer  be  improved 
by  exercising  the  battery.  External  forces  that  harm  the  sensitive 
separator  are  uncontrolled  crystalline  formation  due  to  lack  of 
exercise,  poorly  designed  chargers  that  boil  the  battery,  and  plain 
old  age. 
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Self-sealing  vent 
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Figure  3  Construction  of  a  NiCd  ceii 


Let  us  examine  the  construction  of  the  NiCd  cell  (Figure  3).  The 
negative  and  positive  plates  are  rolled  up  together  and  placed  into  a 
metal  cylinder.  The  positive  plate  is  sintered  and  filled  with  nickel 
hydroxide.  The  negative  plate  is  coated  with  cadmium-active 
material.  The  two  plates  are  isolated  by  the  separator  that  is 
moistened  with  the  electrolyte. 

The  self-discharge  of  a  battery  can  be  measured  with  a  battery 
analyzer.  To  check  the  self-discharge,  first  obtain  the  full  capacity 
of  the  battery  by  applying  a  discharge  to  one  volt  per  cell. 
Recharge  and  store  the  battery  for  24  hours  at  room  temperature 
(20°C)  and  measure  the  capacity  again.  If  the  capacity  loss  during 
the  rest  period  is  more  than  30%,  discard  the  battery. 


The  battery  analyzer  is  not  only  useful  for  measuring  self- 
disch^e,  but  more  importantly,  for  exercising  and  reconditiofiing 
batteries  to  prolong  service  life.  In  addition,  the  analyzer  "weeds 
out"  non-peiformers  from  the  battery  fleet. 

Battery  Ambfwn 

In  the  last  few  years,  the  technology  of  battery  analyzers  has 
advanced  significantly.  No  longer  are  we  limited  to  analog  units 
with  fixed  charge  currents  and  programs  that  only  apply  one  or  two 
discharge-charge  cycles. 

The  modem  battery  analyzer  (Figure  1)  evaluates  the  battery's 
condition  and  implements  the  appropriate  cycles  to  restore  the 
performance.  A  recondition  cycle  is  applied  automatically  if  a 
certain  capacity  level  cannot  be  reached.  Battery  chemistry,  voltage 
and  current  rates  ate  user-programmable.  These  parameters  are 
stored  in  the  cups  or  crdiles  and  configure  the  analyzer  to  the 
correct  function  when  connected.  Over  500  battery-specific  cups 
are  available. 

The  modem  analyzer  identifies  battery  packs  that  contain 
shorted,  mismatched  or  "soft"  cells.  The  deriv^  battery  capacities 
are  organized  into  residual  and  final  capacities.  Problems,  such  as 
insufficient  capacity  reserve  at  the  end  of  field  use,  can  easily  be 
identified  and  corrected. 

The  modem  analyzer  is  capable  of  charging  and  discharging  the 
battery  at  user-defined  currents,  a  feature  tiut  allows  for  testing 
under  true  field  conditions.  A  charge  and  discharge  rate  of  1C*  is 
up  to  three  times  faster  than  that  of  a  fixed  current  analyzer.  In 
addition,  the  c^racity  readings  are  more  accurate. 

The  modem  analyzer  uses  multiple  redundant  charge- 
termination  algorithms  to  ensure  the  batteries  are  charged  quicUy 
and  safely  wi&out  overheating.  Damaging  overcharge  on  a  pack 
with  mismatched  cells,  for  example,  is  eliminated. 

The  modem  analyzer  provides  user-selectable  programs  to 
address  different  batteiy  needs.  For  examqple,  PRIME  prepares  a 
new  battery  for  field  use;  AUTO  reconditions  batteries  unable  to 
reach  a  user-set  target  capacity:  CUSTOM  allows  the  operator  to 
set  a  sequence  of  cycle  modes  composed  of  charge,  discharge, 
recondition,  trickle  charge  or  any  combination  thereof.  Rest 
periods  and  repeats  can  be  added  as  required. 

The  modem  analyzer  is  ea^  to  operate.  Capacity  readout  in 
percentage  rather  than  milliampere  hours  (mAh)  is  more 
convenient  as  the  operator  does  not  need  to  remember  the  mAh 
ratings  of  each  battery  tested.  In  addition,  simple  "pass/fail"  lights 
help  to  distinguish  good  batteries  from  unserviceable  ones  at  a 
glance. 

The  modem  analyzer  offers  a  printer  and  computer  interface. 
With  printer,  service  reports  and  stick-on  battery  labels  can  be 
generated.  By  attaching  the  label  to  batteries,  the  user  is  always 
informed  of  the  battery's  history  and  pending  maintenance. 

The  modem  analyzer  applies  the  factory-recommended  cha^e 
algorithm  when  servicing  NiCd,  NiMH  and  Lead  Acid  batteries. 
As  new  battery  chemistries  are  introduced,  EPROM  upgrades  are 
made  available  to  enable  servicing  these  batteries  also. 


*C-Rate  is  a  unit  by  which  charge  and  discharge  times  are  scaled. 
NiCd  batteries  with  a  rating  of  up  to  ISOOmAh  are  commonly  charged 
and  discharged  at  ISOOmAh  or  1C. 
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Abstract 

Long  life  Sealed  Maintenance  Free  Aircraft  Batteries 
are  in  production  and  service  on  several  different  aircraft. 
This  study  presents  data  on  the  electrical  performance  of  the 
negative  electrode  used  in  these  batteries.  The  purpose  of 
the  study  is  to  demonstrate  the  charge  and  discharge 
performance  over  temperature,  of  the  negative  electrode  in 
order  to  provide  a  thorough  understanding  of  the  limitations 
and  the  potential  of  the  sintered  plate,  electrochemical 
impregnated  cadmium  electrode.  This  information  will  be 
important  in  comparing  the  performance  to  other  nickel 
batteries.  The  electrode  has  been  found  to  be  very  stable  as 
shown  by  accelerated  testing  and  use  in  space  batteries,  and 
provides  a  standard  for  development  of  the  metal-hydride 
electrode  that  may  be  used  as  a  substitute  for  future  aircraft 
batteries. 

Introduction 

The  Power  Systems  Department  of  Eagle-Picher 
Industries  under  a  research  and  development  contract 
sponsored  by  the  Battery  section  of  Wright  Laboratories, 
Wright-Patterson  Air  Force  Base.  Dayton  Ohio,  has 
developed  and  is  testing  a  sealed  nickel-cadmium  aircraft 
battery  with  a  designed  life  of  up  to  20  years.  The  batteries 
are  available  in  various  capacities  ranging  from  5  ampere- 
hours  to  over  100  ampere-hours  and  with  nominal  voltages 
of  12.  24,  and  28  volts.  Configuration  can  be  designed  to  fit 
many  different  footprints.  The  batteries  are  constructed  of 
prismatic,  starved-electrolyte,  recombinant,  nickel  cadmium 
cells  enclosed  in  nylon  cell  jars.  Test  data  attesting  to  the 
reliability  and  capability  of  the  batteries  has  been  presented 
at  several  battery  conferences  during  the  last  few  years.  The 
batteries  nave  an  operating  temperature  range  of  -40  oC  to 
+70  oC  and  deliver  rated  capacity  with  repeated  cycling  over 
the  temperature  range  -20  oC  to  +50  oC.  Most  of  the 
batteries  are  designed  for  high-rate  performance  with  a 
typical  internal  resistance  of  7.0  milliohms  for  a  40  ampere- 
hour  battery  fully  charged  at  room  temperature.  The  cells 
are  constructed  using  electrodes  which  are  specially 
designed  and  manufactured  to  withstand  complete  depths  of 
discharge  and  still  be  dependable  and  reliable  for  thousands 
of  cycles.  The  sintered  substrate  is  manufactured  using 
nickel  powder  with  very  uniform  particles  this  produces  pores 
within  the  sinter  that  are  small,  deep  and  uniform.  This 
uniformity  provides  the  possibility  of  electrodes  that  can  be 
loaded  with  active  material  that  is  deposited  uniformly  in  thin 
layers.  The  resulting  electrode  will  have  considerably  less 
stresses  during  a  deep  discharge. 


The  capacity  of  these  maintenance-free  cells  is  limited  by 
the  positive  electrode  so  that  at  complete  depths  of 
discharge  all  of  the  positive  active  material  is  fully  converted 
to  nickel  hydroxide.  The  positive  electrodes  are 
manufactured  using  a  combination  of  two  impregnation 
processes.  The  initial  active  material  is  impregnated  using 
an  electrochemical  impregnation  process,  and  the  final  active 
material  is  added  using  a  chemical  impregnation  process. 
The  combining  of  these  to  processes  results  in  very  strong 
and  stable  positive  electrodes  with  loading  levels  and  energy 
densities  equivalent  to  those  of  high  capacity  nickel 
electrodes  used  in  flooded  nickel-cadmium  cells.  Because  of 
the  efficient  and  optimized  impregnation  methods,  the 
electrode  is  not  damaged  by  the  deep  discharges  that 
typically  occur.  Life  has  been  demonstrated  to  be  over 
twenty  thousand  cycles  in  controlled  cycling  to  40  %  depth  of 
discharge.  Charge  efficiencies  of  the  positive  electrode  have 
been  found  to  range  from  a  high  of  98%  at  cooler 
temperatures  and  at  rates  of  1-C  or  greater;  down  to  a  low  of 
70%  at  higher  temperatures  and  lower  charge  rates  of  C/10. 
The  negative  electrode,  however  is  designed  and  built  in  a 
very  different  manner  and  exhibits  significantly  different 
performance  at  various  operating  conditions. 

Negative  Electrode  Design 

The  negative  electrode  is  designed  so  as  to  have 
considerably  more  capacity  than  the  positive  electrode  for 
several  reasons.  First,  it  is  always  desirable  for  the  cell  to  be 
positive  capacity  limited;  the  negative  electrode  must  still 
have  charged  material  remaining  after  the  positive  electrode 
is  completely  discharged.  Second,  since  the  cell  has 
considerable  recombination  capability  for  the  oxygen 
generated  by  the  positive  electrode  during  charge  and 
overcharge,  and  only  limited  recombination  capability  for  the 
hydrogen  that  the  negative  electrode  generates  when 
overcharged.  Because  of  this,  it  is  desirable  that  the 
negative  electrode  never  reach  a  folly  charged  state.  Third, 
since  the  oxygen  generated  by  the  positive  electrode  during 
charge  and  overcharge  is  recombined  by  converting 
cadmium  to  cadmium  hydroxide  on  the  negative  electrode,  it 
is  necessary  for  the  negative  electrode  to  always  have 
sufficient  excess  charged  active  material  (cadmium)  to 
participate  in  this  reaction. 
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One  of  the  Allure  mechanisms  for  all  nickel-cadmium 
cells  is  migration  of  cadmium  from  the  pores  of  the  negative 
electrode  out  into  the  separator  which  electrically  insulates 
the  positive  electrodes  from  the  negative  electrodes  When 
this  occurs  it  is  possible  for  this  negative  active  material  to 
form  an  electrical  path  between  the  positive  and  negative 
electrodes,  resulting  in  a  short  circuit  which  can  either  cause 
catastrophic  failure  or  reduced  capacity  because  of  a  high 
self-discharge  rate  The  long-life,  negative  electrode  design 
for  these  batteries  utilizes  the  special  slurry-sintered 
substrate  described  previously  impregnated  with  cadmium 
hydroxide  using  a  sophisticated  electrochemical  process  In 
the  case  of  the  negative  active  material  it  is  electro-deposited 
in  very  even  layers  deep  within  the  pores  of  the 
substrate  and  consequently  remains  trapped  within  the  pores 
during  cycling.  Even  when  most  of  the  active  material  is 
discharged  and  converted  to  cadmium  hydroxide  the  active 
material  tends  to  remain  deep  within  the  pores.  This  is  a 
significant  step  fonvard  in  the  ability  to  build  a  battery 
capable  of  thousands  of  cycles  over  a  long  period  of  time 

The  goal  of  the  research  supporting  this  paper  is  to 
thoroughly  study  and  characterize  this  negative  electrode  in 
an  effort  to  better  understand  the  effect  that  its  performance 
has  on  the  overall  charge  and  discharge  performance  of  the 
long-life  sealed  aircraft  cell  And  through  the  use  of 
accelerated  life  testing  and  stress  testing  of  the  negative 
electrode  in  specially  designed  negative  capacity  limited 
cells,  to  determine  the  failure  mechanisms  as  well  as  the 
capabilities  of  the  negative  electrode 

Production  Cell  Design 

The  long  life  production  cells  are  designed  using  an  negative 
capacity  to  positive  capacity  ratio  of  approximately  1  8:1 
There  is  one  more  negative  electrode  than  positive  electrode 
in  each  cell  and  the  electrodes  are  physically  configured  so 
that  a  negative  electrode  is  at  the  outside  of  each  end  of  the 
plate  stack,  and  electrodes  are  alternated  negative,  positive, 
negative:  throughout  the  plate  stack.  The  negative 
electrodes  are  thicker  than  the  positive  electrodes  to  provide 
for  the  increased  capacity.  The  separator  used  to  electrically 
insulate  the  negative  electrodes  from  the  positive  electrodes 
IS  a  permanently  wettable  non-woven  polypropylene  material. 
The  separator  was  developed  by  Eagle-Picher  Power 
Systems  Division  for  use  in  aerospace  cells.  The  separator 
is  made  permanently  wettable  by  permanently  impregnating 
the  polypropylene  fibers  with  special  materials,  and  the 
manufacturing  procedure  for  impregnation  has  been 
automated  to  reduce  the  cost  to  a  level  acceptable  for 
aircraft  and  terrestrial  applications. 

Test  Celt  Design 

Special  test  cells  were  constructed  so  that  the  cell 
would  be  negatively  limited  in  order  to  test  the  effects  that 
temperature  and  depth  of  discharge  have  on  the  negative 
electrode.  Specifically  the  cells  were  designed  to  have  a 
negative  capacity  to  positive  capacity  ratio  of  1:1  3.  This 
was  accomplished  by  using  two  specially  constructed 
positive  electrodes  for  every  one  production  negative 
electrode.  The  electrodes  were  physically  arranged  so  that 
each  negative  electrode  had  a  positive  electrode  on  either 
side  and  except  for  the  two  outside  positive  electrodes  all 
other  positive  electrodes  were  back  to  back  with  another 


positive  electrode  The  separator  and  inter-electrode 
spacing  used  to  construct  these  special  test  cells  were  the 
same  as  that  used  in  the  production  cells  And  as  already 
mentioned  standard  production  negative  electrodes  were 
used  so  that  the  study  would  not  have  to  compensate  for 
changes  made  to  the  negative  electrode  This  configuration 
was  used  to  manufacture  several  cells  to  be  tested  both  in 
flooded  and  starved  electrolyte  conditions  These  cells  then 
were  divided  into  various  groups  and  used  to  complete  the 
testing  described  in  the  test  plan  section 

Desired  Information 

Information  of  three  different  types  and  in  three 
different  general  areas  was  sought  and  collected  from  this 
research  First,  was  to  find  out  what  effect  repeated  cycling 
at  100%  depth  of  discharge  would  have  on  the  life  of  the 
negative  electrode  And,  if  repeated  cycling  to  100%  depth 
of  discharge  has  a  deleterious  effect  on  negative  electrode 
life,  what  specific  conditions  cause  the  problems  and  what 
mechanisms  are  responsible  Second,  was  characterize  the 
negative  electrode  capacity  over  the  temperature  range  of  - 
40  ®C  to  +70  ®C  Sealed  nickel-cadmium  cells  have  reduced 
charge  capabilities  at  temperatures  less  than  -10  °C.  and  at 
temperatures  greater  than  +40  °C  It  has  been  assumed 
thus  far  in  the  development  and  evolution  of  the  long-life 
maintenance-free  cell  that  the  capacity  performance  over  the 
temperature  range  has  been  dictated  by  the  positive 
electrode  It  has  also  been  assumed  that  the  charge 
efficiency  of  the  negative  electrode  is  virtually  1 00%  at  these 
temperatures  and  at  the  state  of  charges  to  which  it  is 
exposed.  Third,  then  is  to  test  the  negative  electrode  at 
various  temperatures  and  charge  rates  to  determine  the 
charge  efficiency  at  these  different  parameters. 

Test  Plan 

The  test  plan  was  divided  into  three  sections  with 
each  corresponding  to  one  of  the  areas  of  desired 
information.  Life  and  Capacity  Fade.  Capacity  versus 
Temperature,  and  Charge  Efficiency  vs  Temperature  & 
State  of  Charge 

Life  and  capacity  fade  due  to  fully  discharging  the 
negative  electrode  was  carried  out  in  three  phases  First,  a 
group  of  cells  were  cycled  for  200  cycles  in  the  following 
manner  The  cells  were  charged  at  a  C/2  rate  until  1 1 0%  of 
the  theoretical  negative  capacity  was  returned  to  the  cells 
The  cells  were  discharged  at  a  C/2  rate  until  each  cell 
reached  1  volt.  The  cells  were  maintained  in  an 
environmental  chamber  at  25  °C  and  provided  enough  rest 
after  discharge  to  allow  the  cells  initial  charge  temperature 
to  be  within  3  °C  of  25  “C.  After  completion  of  cycling  the 
cells  were  evaluated  for  capacity  loss  and  cadmium 
migration  The  second  phase  of  this  section  was  to  repeat 
the  above  test  regime  only  in  this  test  the  cells  were 
discharged  to  an  end  of  discharge  voltage  of  0  volts  The 
third  phase  of  testing  was  to  repeat  the  cycling  with  the 
environmental  chamber  operating  at  50  °C. 

Capacity  characterization  over  the  temperature  range 
was  conducted  by  cycling  a  group  of  cells  in  an 
environmental  chamber  at  ten  degree  intervals  from  -40  °C  to 
+70  ®C.  The  cells  were  charged  at  a  C/2  rate  until  1 10%  of 
theoretical  negative  capacity  was  returned  to  the  cells.  The 
cells  were  discharged  at  a  C/2  rate  until  each  cell  reached  0 
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voKs.  Ceils  were  rested  after  each  discharge  until  the  cell 
temperature  returned  to  the  desired  temperature. 

Efficiency  characterization  over  the  temperature  range 
was  conducted  by  charging  and  discharging  a  group  of  cells 
in  an  environmental  chamber  at  twenty  degree  intervals  from 
-40  ”C  to  +70  ”C.  The  cells  were  charged  at  a  C/2  rate  until 
90%  of  the  maximum  negative  capacity  at  that  temperature 
was  returned  to  the  cells  and  discharged  at  a  C/2  rate  until 
each  cell  reached  0  volts.  In  between  test  cycles  it  was 
necessary  to  return  the  cells  to  20  "C  and  fully  charge  them. 
The  cells  were  then  discharged  to  0  volts.  This  was  done  in 
order  to  be  sure  that  the  cells  are  not  positively  limited. 
Efficiency  was  calculated  by  dividing  the  ampere-hours  from 
discharge  by  the  ampere-hours  of  charge. 

R—ulta 

The  capacity  fede  and  life  test  cells  showed  only 
minimal  loss  of  capacity  as  a  result  of  100%  depth  of 
discharge  cycling. 


100%  Dspth  of  Diachargo  Cycia  #10  tar  0  Volt  Cutoff 


Figure  1 

Figure  1  shows  a  typical  voltage  discharge  curve  for  the  10th 
cycle  in  the  200  cycle  regime  when  the  discharge  voltage 
cutoff  was  set  at  0  volts. 


100%  Oopm  of  Diacharga  Cycia  #200  tar  0  Volt 
Cutoff 


Tima  (mMutat) 


Figure  2 

Figure  2  shows  the  shows  a  typical  voltage  discharge  curve 
for  the  200th  cycle  in  the  200  cycle  regime  when  the 
discharge  voltage  cutoff  was  set  at  0  volts.  One  can  see  that 
the  capacity  fede  was  insignificant  over  the  200  cycle  regime. 


The  cells  that  were  physically  disassembled  and 
examined  for  cadmium  migration  into  the  separator  showed 
virtually  no  movement  of  the  cadmium  into  the  separator 
There  was  small  amounts  of  the  negative  active  material  on 
the  surfece  of  the  separator,  however,  an  examination  of  the 
fibers  below  the  surfece  with  a  microscope  revealed  that  the 
cadmium  accumulation  was  confined  to  the  surfece. 

The  capacity  characterization  versus  temperature 
data  is  presented  in  Figure  3,  and  shows  the  capacities  to  be 
stable  over  the  temperature  range  The  data  presented 
shows  the  percentage  of  maximum  capacity  achieved  at 
each  temperature.  The  percentage  was  calculated  by 
dividing  the  discharge  capacity  obtained  at  each  temperature 
by  the  capacity  achieved  at  20  °C.  The  capacity  obtained  at 
20  ‘C  was  the  maximum  obtained  and  was  about  90%  of  the 
total  theoretical  capacity  based  on  weight  of  active  material. 


Nagaliva  Bacirod*  Call  CapacillM 


Figure  3 

Figure  4  presents  the  production  cell  capacity 
characterization  over  the  temperature  range.  This 
information  was  gathered  in  another  series  of  testing  and  is 
presented  here  for  comparison.  Note  much  higher  capacities 
are  possible  with  an  optimized  charge  algorithm. 


ProducUon  Call  Capacitlt*  at  a  crz  Rata 


Figure  4 

By  comparing  the  two  graphs  it  becomes  apparent 
that  the  capacity  of  the  production  cells  is  not  hindered  by  the 
performance  of  the  negative  electrode  even  at  the  extreme 
temperatures. 
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The  charge  efficiency  characterization  for  the  negative 
electrode  testing  is  summarized  in  the  following  graph  Figure 
5. 


NagaUv*  Bactrod*  Charge  BRclancy 
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Figure  5 

The  data  shows  that  the  negative  electrode  is  very  efficient 
even  when  it  is  close  to  fully  charged  .  Of  course  in  the 
production  cells  the  design  is  such  that  the  negative  rarely  is 
charged  above  75%. 


Production  Call  Charga  Efflciancy  at  C/2  Rata 
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Figure  6 

Figure  6  presents  similar  data  from  the  production 
ceils  for  comparison.  One  can  see  that  the  negative 
electrode  is  much  more  efficient  than  the  positive  electrode 
and  should  not  negatively  affect  the  performance  of  the  cells. 

Conclusions 

The  specially  designed  negative  electrode  used  the 
Eagle-Picher  long-life  maintenance-free  nickel-cadmium 
battery  appears  to  be  capable  of  meeting  all  the  necessary 
requirements  of:  extended  life,  limited  capacity  fade,  and 
high  charge  efficiency.  In  addition  a  baseline  for  negative 
electrode  performance  has  been  developed  to  provide  data 
for  the  possible  introduction  of  new  negative  electrode 
materials. 
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AfiSZBAd 

when  composite  components  are  used  in 
electrochemical  systems,  questions  often  arise 
concerning  the  long  term  stability  or  corro¬ 
sion  resistance  of  electrolyte  wetted  aiater- 
ials.  This  is  particularly  true  of  secondary 
battery  cells.  In  general,  it  is  quite  diffi¬ 
cult  to  carry  out  a  true  long  term  stand  life 
experiment  on  such  materials.  Usually, 
shorter  term  Arrhenius  type  elevated  tempera¬ 
ture  simulation  experiments  are  performed, 
often  with  some  question  as  to  their  valid¬ 
ity. 

A  rather  unique  opportunity  has  made  poss¬ 
ible  a  true  long  term  stability  test  of  the 
lightweight  composite  sintered  nickel  plated 
graphite  fiber  electrode.  A  group  of  labora¬ 
tory  cells  fabricated  and  first,  tested  during 
the  period  1980-81  and  left  electrolyte  filled 
and  intact  at  ambient  temperature  recently 
have  been  subjected  to  further  cycling.  If 
significant  degradation  of  the  graphite  fiber 
based  substrate  had  occurred  in  the  long  expo¬ 
sure  to  the  electrolyte,  the  cells  probably 
would  have  become  shorted  or  at  least  have 
shown  significantly  degraded  electrical  char¬ 
acteristics.  In  fact,  however,  the  cells 
showed  excellent  stability  after  the  long  wet 
storage.  After  several  cycles,  the  active 
material  utilizations  generally  returned  to 
levels  of  the  Initial  tests  of  a  dozen  years 
earlier . 

After  a  lapse  of  some  years,  renewed 
Interest  has  been  expressed  in  the  composite 
nickel  electrode  technology.  This  short 
report  describes  the  sintered  nickel  plated 
graphite  fiber  substrate,  electrode  fabrica¬ 
tion  and  comparison  of  the  recent  data  with 
that  of  the  original  tests. 

IHTRODOCTICTI 

The  powder  nickel  based  sintered  electrode 
was  developed  during  the  first  half  of  this 
century  and  has  served  well  as  the  electrode 
of  choice  for  niimerous  applications.  The  sint¬ 
ered  nickel  substrate  possesses  excellent  dur¬ 
ability  and  electrical  characteristics.  Des¬ 
pite  its  scxnewhat  high  weight  and  cost,  there¬ 
fore,  it  has  largely  withstood  most  modem 
attempts  to  replace  it. 

New  applications,  however,  require  lighter 
weight  cells,  which  maintain  reasonable  per¬ 
formance  at  moderate  cost.  Ni-Cd,  Ni-H2, 

Nl-MH  and  possibly  Ni-Zn,  represent  the  next 
generation  of  cells  beyond  lead-acid  for  many 
of  these  applications.  A  relatively  large 
benefit,  therefore,  can  be  realized  from  deve¬ 
lopment  and  manufacture  of  a  lightweight,  dur¬ 
able  and  low  cost  N1  electrode  structure  as 
their  common  element. 


RxrKrawxTwn 

The  co8q>osite  nickel  electrode  construc¬ 
tion  is  based  upon  a  patent  issued  in  1980'. 

It  has  been  reported  previously  in  the  P^Q-. 
ceedings  of  this  Symposium^  and  elsewhere^'*. 
The  plaque  material  consists  of  nickel  plated 
graphite  fiber  which  is  sintered  under  com¬ 
pression  in  H2  atmosphere.  Graphite  fiber 
fulfills  most  closely  the  requirements  for  an 
ideal  lightweight  substrate  indicated  in  Fig¬ 
ure  1 .  Numerous  test  electrode  plaques  have 
been  fabricated  using  electroless  Ni  coating 
on  Type  VMA  pitch  mat  graphite  fiber  (Amoco 
Performance  Products,  Greenville,  SC  29602). 
The  resulting  bonded  highly  porous  three 
dimensional  structure  utilizes  the  fiber  base 
both  for  support  of  the  active  material  and  as 
current  carrier  to  the  collector  screen  and 
tab.  Figure  2  shows  a  typical  sinter  bond 
within  such  a  plaque. 


DESIRABLE  PROPERTIES  OF 
SUBSTRATE 


COMPATIBLE  WITH  ACTIVE  MATERIAL 
ELECTROCHEMICALLY  CLEAN 
MECHANICALLY  STRONG 
CONDUCTIVE 

NONREACTIVE  IN  ELECTROLYTE  SOLUTIONS 

CORROSION  RESISTANT 

LIGHTWEIGHT 

INEXPENSIVE 

EASILY  FABRICATED 


Figure  1 .  Some  Requirements  for  Lightweight 

Composite  Nickel  Electrode  Substrate 
Material . 


Other  methods  recently  have  been  used  to 
produce  the  composite  plaque.  These  consisted 
of  variations  such  as  sintering  randomized 
chopped  electroplated  graphite  fiber  tows, 
plating  of  the  graphite  fiber  mat  by  the 
nickel  carbonyl  process  and  nickel  plating  of 
a  pyrollzed  graphite  fiber  board.  To  the  pre¬ 
sent,  however,  the  most  successful  fabrication 
has  been  electroless  plating  followed  by  com¬ 
pression  sintering  of  the  VMA  mat. 
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Figure  2.  Typical  Sinter  Bond  Within  Composite 
plaque . 


An  early  objection  to  the  graphite  fiber 
based  composite  plague  concerned  the  possible 
corrosion  (oxidation)  of  the  graphite  with 
cycling  and  time,  leading  to  substrate  deteri¬ 
oration  and  build  up  of  nonconducting  K2CO3  In 
the  electrolyte.  TABLE  1'  ,  however,  shows 
the  results  of  electrolyte  titration  analysis 
on  heavily  cycled  test  cells  fabricated  under 
the  same  conditions  during  the  1980-81  period 
as  those  subsequently  retested.  The  data 
Indicate  no  K2CO3  accretion  due  to  graphitic 
oxidation  over  the  test  periods  spanning  sev¬ 
eral  months  to  about  one  year  at  that  time. 
These  results  were  an  early  Indication  of 
potential  long  term  stability  of  the  elec¬ 
trode.  The  last  table  entry  Is  electrolyte 
from  a  commercial  cell  of  unknown  pedigree. 


TABLE  1 

Electrolyte  carbonate  analysis 


Cell 

Cycle 

Discharge 

rate 

(A) 

KOH 

mg  CO3- 
/ml  KOH 

0 

0 

0 

07 

Trace 

50 

82 

0.2  C 

22 

Trace 

54 

296 

2  C 

34 

Trace 

57 

211 

3  C 

32 

Trace 

Comm. 

'  400 

Variable 

— 

170 

EXPERIMEHTAL 

While  the  relatively  large  average  plaque 
pore  sizes  (~50  micron)  allows  ready  applica¬ 
tion  of  virtually  any  active  material  Impreg¬ 
nation  method,  the  electrochemical  Impregna¬ 
tion  method  of  Pickett^  was  employed  In  the 
retested  cells  reported  here.  This  process 
was  carried  out  In  a  tank  with  methanollc 
based  N1(N03)2  solution.  The  electronegative 
current  typically  was  applied  for  30-60 
minutes.  Very  high  specific  loadings  of  the 
plaques  were  readily  achievable.  Computed 
loadings  of  1.6-1. 9  g/cc  yielding  theoretical 
gravimetric  energy  densities  of  160-210  Ah/kg 
were  typical. 

Some  substrates  later  were  impregnated  by 
standard  chemical  Impregnation  and  still  later 
by  "suspension"  Impregnation  using  fine  par¬ 
ticle  active  Ni(OH)2  powder.”  Conditions 
must  be  optimal  for  these  latter  methods  to 
achieve  loadings  approaching  those  of  electro¬ 
chemical  Impregnation.  In  several  later  test 
cells,  however,  comparable  results  In  loading 
and  utilization  were  obtained  by  the  suspen¬ 
sion  (pasting)  method.  The  latter  method  is 
particularly  noteworthy  for  its*  potential 
cost  reduction  in  fabrication. 

Cobalt  additive  was  introduced  Into  the 
(positive)  electrodes  by  mixing  5-10  wt% 
Co(N03)2  into  the  Impregnation  bath.  Compo¬ 
site  negatives  were  prepared  by  an  exactly 
analogous  procedure  using  a  Cd(N03)2  impregna¬ 
tion  bath  with  no  additives. 


Description  of  the  Cells/Tests 

The  electrode  substrates  were  prepared  in 
dimensions  of  approximately  2.75"  X  6"  in 
thicknesses  of  20,  30  and  40  mils.  In  earlier 
plates,  small  strips  of  nickel  foil  were  spot 
welded  to  form  a  current  collector  grid. 
Subsequently,  expanded  nickel  mesh  was  used. 
The  collector  was  placed  between  the  plated 
graphite  mats  and  pressure  sintered  as 
described . 

The  sintered  composite  substrates  were 
electrochemically  impregnated  with  Ni(OH)2 
(or  Cd(OH)2)  as  described.  The  electrodes 
were  installed  in  specially  designed  plastic 
cases  with  removable  panel  and  0-ring  seal 
(Figure  3).  The  cells  were  filled  with  30% 

KOH  with  no  Li-f  additive.  The  separator 
consisted  of  a  layer  each  of  FERMION  membrane 
(RAI  Research  Corp.,  Hauppauge,  L.I.,  NY)  and 
nylon  woven  material.  In  general,  commercial 
counterelectrodes  were  used. 

The  retests  were  carried  out  under  sub¬ 
stantially  the  same  conditions  as  the  original 
tests.  This  was  generally  continuous  charge 
and  discharge  cycling  at  the  C/2  rate  with 
discharge  taken  to  approximately  100%  depth. 
The  retests  were  restricted  only  to  those 
cells  observed  to  have  remained  wet  with  elec¬ 
trolyte  for  the  intervening  years.  For  these 
cells,  corrosion  processes  within  the  plates 
would  have  continued,  providing  the  real  time 
ambient  temperature  shelf  life  test  of  a  dozen 
or  so  years. 
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REFEREHCES 


Figure  3.  Laiboratory  Test  Cell  Acconunodating 
2.75"  X  6"  Electrodes. 


RESOLTS 

TABLE  2  displays  the  data  gathered  on  the 
retested  cells.  The  fabrication  dates,  final 
discharge  cycle  of  original  test  and  several 
cycles  of  the  retest  are  reported.  There  were 
no  shorted  cells  among  those  retested.  In 
general,  their  utilizations  returned  within  a 
few  cycles  to  approximately  those  of  the 
earlier  tests.  Figure  4.  shows  representative 
charge/discharge  profiles  of  several  retested 
cells.  These  are  characteristically  good 
cycles  typical  of  Nl-Cd  cells  in  serviceable 
condition. 
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Several  cells  fabricated  during  the  same 
period  as  those  retested  were  opened  and  visu¬ 
ally  inspected.  The  composite  plates  still 
showed  good  Integrity.  Fibers  of  the  plaque 
substrate  could  be  seen  with  their  nickel 
plating  still  intact.  A  reasonable  conclusion 
to  be  drawn  from  these  results  is  the  good 
long  term  wet  stand  durability  of  the  sintered 
nickel  plated  graphite  fiber  composite  elec¬ 
trode  technology. 
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TABLE  2 


MULTIPLATE 


C-  13.8  Ah. 


10  COMPOSITE  NICKEL  ELECTRODES  (20  mil) 


C/2  CHARGE/DISCHARGE 


CYCLE  #341 


ti.o  V 


COMPOSITE  NICKEL  ELECTRODE 


C-  2.3  Ah. 


CHOPPED  ELECTROPLATED  FIBER  (40  mil) 
C/2  CHARGE/DISCHARGE  CYCLE  #4 


2  1 

< —  CHARGE/DISCHARGE  TIME  --  HOURS  — > 


Figure  4.  Charge-Discharge  Cycles  of  Several  Cells  from  Continued  Test  Data 
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A  thermal  battery  is  a  primary  reserve  battery  that  is  activated  when 
the  inert  solid  salt  electrolyte  is  melted  by  the  ignition  of  an  integral  heat 
source.  Thermal  batteries  are  recognized  as  rugged,  high-energy- 
density  power  sources  having  wide  operating  temperature  ranges  and 
long  shelf  lives. 

The  Beginning 

When  the  proximity  fuze  was  developed  during  WWll,  the  batteries 
available  to  power  it  were  found  to  be  particularly  unsatisfactory  in 
terms  of  shelf  life  and  operating  temperature  range. '  The  Navy  found 
it  necessary  to  develop  special  reserve  batteries  for  the  artillery  proxim¬ 
ity  fuzes  it  had  developed.  These  batteries  were  activated  by  setback 
forces  bursting  the  glass  ampule  in  which  the  electrolyte  was  encapsu¬ 
lated.  Then  spin  forces  experienced  by  the  shell  drove  the  released 
electrolyte  into  the  cell  cavities  of  the  battery.^  The  National  Bureau  of 
Standards  Ordnance  Development  Division  (NBS-ODD)  developed 
proximity  fuzes  for  Army  ordnance  use  in  nonspin  ammunition,  such  as 
bombs,  mortars,  and  rockets.  The  only  power  sources  available  were 
dry  cells  and,  later,  wind-driven  generators.  However,  both  of  these 
were,  in  general,  unsatisfactory. 

After  the  war,  many  intelligence  reports  were  collected  by  the  teams 
of  Allied  scientists  and  engineers  who  investigated  the  innovative 
wartime  weapons  developments  of  the  Germans.  Some  of  these  reports 
were  sent  by  Army  Ordnance  to  the  staff  of  NBS-ODD  for  review. 
Among  these  was  a  report  entitled.  The  Theory  and  Practice  of  Thermal 
Cells  by  Georg  Otto  Erb.-’  This  report  discussed  the  making,  operation, 
and  characteristics  of  fused  salts  in  primitive  reserve  cells.  This  infor¬ 
mation  was  reported  to  the  Ordnance  Division  management  with  the 
recommendation  that  it  be  investigated.'*  The  recommendation  was 
approved  and  P.  J.  Franklin  was  assigned  to  study  this  system.  Franklin 
confronted  the  problems  of  activating  the  thermal  cell  quickly  and 
keeping  it  compact.  He  was  able  to  successfully  demonstrate  thermal 
cell  operation  when  he  used  a  thermite-type  heat  powder  made  by  the 
Catalyst  Research  Co.  (CRC)  of  Baltimore,  MD.  When  CRC  learned 
how  this  powder  was  used,  they  solicited  a  contract  to  develop  a  thermal 
battery  for  NBS-ODD.^ 

The  Catalyst  Research  Corporation  Contract 

A  small  contract  ($12,600)  was  awarded  to  CRC  in  April  1947  by 
NBS-ODD  to  develop  a  thermal  battery  for  a  rocket  proximity  fuze. 
After  checking  the  validity  of  Erb’s  claims,  CRC’s  workers  concen¬ 
trated  on  designing  an  effective  cell  by  seeking  the  best  electrolyte  and. 
most  importantly,  learning  how  to  heat  the  cell  efficiently.  The  first  cells 
were  made  in  two  ways:  ( I )  by  pouring  the  electrolyte  as  a  carbon 
tetrachloride  slurry  and  drying  it  or  (2)  by  pouring  molten  salt  into  the 
cavities  of  the  ceramic  washers  used  to  separate  the  copper  or  iron  and 
the  magnesium  electrodes.  At  this  time,  binary  and  ternary  combina¬ 
tions  of  LiOH  with  BaCr04,  KOH,  NaOH,  and  LiNO,  were  used  as 
electrolytes.  Early  attempts  at  cell  heating  included  adding  the  heating 
material  to  the  electrolyte,  or  immersing  the  cells  in  a  body  of  heat 
powder.  Within  a  few  months,  CRC  learned  how  to  make  large  cells  that 
delivered  ampere  levels  of  current.  In  October  1947.  NBS-ODD.  in  a 
letter*  to  CRC.  expressed  satisfaction  with  the  progress  of  the  work,  told 
them  that  the  contract  was  being  extended  with  increased  funding,  and 
reminded  CRC  that  a  low-current,  high-voltage  section  was  also  needed.^ 

Early  in  1948,  in  its  continuing  search  for  useful  salt  combinations 
for  electrolytes,  CRC  found  the  lithium  potassium  chloride  eutectic. 


which  eventually  became  the  most  frequently  used  electrolyte.  Work 
was  started  in  mid- 1 948  on  the  low-current,  high-voltage  (B  cell) 
section  of  the  battery.  To  find  the  best  electrolyte  and  depolarizer  for  this 
application,  every  chemical  within  reach  was  tested  in  tiny  test  cells  or 
in  small  crucible  cells.  During  this  period,  tungstic  oxide  was  found  to 
be  a  good  depolarizer,  and  calcium  metal  a  good  anode. 

The  original  test  cells  were  described  as  one-half-inch  by  ihree- 
eighths-inch  rectangles.  In  the  beginning,  these  were  made  of  iron  and 
magnesium.  The  latter,  wrapped  with  asbestos  paper  which  had  been 
impregnated  with  various  electrolytes,  served  as  the  anode.  Test  cells 
were  heated  by  being  held  in  a  Bunsen  flame  and/or  by  immersion  in 
heat  powder  (nickel  powder  mixed  with  potassium  perchlorate  powder 
anddiatomaceous  earth).  Later,  the  use  of  an  induction  heater  was  found 
to  give  good  control  of  heat  for  cell  testing.  Series-connected  cells 
mounted  in  slots  in  ceramic  disks,  and  immersed  in  the  heat  powder, 
sometimes  worked  well.  The  early  B-cell  development  work  is  de¬ 
scribed  in  a  notebook  into  which  Roger  Sweet  made  regular  entries 
between  May  and  November  1948. 

By  late  1949  it  was  decided  that  cells  laid  flat  on  tamped  heat 
material  worked  more  efficiently.  This  arrangement  led  to  the  develop¬ 
ment  of  the  sector  cell*  and  the  compaction  of  the  heat  powder  onto 
asbestos  dis)  .  Slack  test  data  using  sector  cells  heated  by  such  heat 
compicis  were  reported  in  April  1950.  The  cell  chemistry,  introduced 
in  1 949.  was  based  on  nickel  and  calcium  electrodes;  the  electrolyte  was 
a  eutectic  mixture  of  lithium  and  potassium  bromides  with  1 5  percent 
of  potassium  chromate  added.  The  electrolyte  was  carried  on  impreg¬ 
nated  glass  cloth.^ 

The  Wurlitzer  Company  and  the  Mortar  Fuze  Battery 

In  1948.  the  Rudolph  Wurlitzer  Company,  which  had  been  having 
difficulty  in  developing  a  new  wind-driven  generator  for  a  mortar 
proximity  fuze  for  NBS,  accepted  an  option  to  work  on  a  thermal 
battery.  NBS  passed  on  information  gleaned  from  CRC,  and  Wurlitzer 
quickly  developed  a  small  button-like  B  cell  (Figure  1 )  using  a  silver 
cup.  a  magnesium  button  anode,  and  a  modified,  lower  melting  electro¬ 
lyte  carried  on  a  small  asbestos  disk.  These  cells  were  0.260  in.  O.D.  and 
0.054  in.  high.  A  number  were  stacked  in  mica-lined  brass  tubes 
(eventually  15  cells),  after  which  a  method  of  heating  the  cells  was 
developed  (Figure  2).  Six  such  tubes,  connected  in  series,  were  inserted 


Figure  1.  Wurlitzer's  small  bunon-like  B*cell. 
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Figure  2.  Details  of  mortar  battery  B-cell  stack. 


Figure  3.  An  exploded  view  of  the  Wurlitzer  mortar  fuze 
thermal  battery. 


into  cavities  formed  in  a  three-layer  block  of  compacted  heat  powder 
(Figure  3).  The  battery  required  an  equal  number  of  assembled  stacks 
with  opposite  polarity  at  the  top  (three  each)  to  achieve  90  cells  in  series 
that  would  obtain  the  required  i40-V  output.  Color-coded  end-stack 
insulators  indicated  the  stack  end  polarity.  Heat  was  conducted  through 
the  tubes  to  the  sides  of  the  cells  and  then  to  the  electrolyte.  The  resulting 
delay  in  the  activation  of  the  B  section  was  within  the  mechanical  delay 
time  that  allowed  the  shell  to  be  well  away  from  the  weapon  before  the 
fuze  activated.  The  cylindrical  A  cell  that  enclosed  the  stacked-heat 
powder  block  was  developed  later.  An  inertial  starter  (actually  a  two- 
part  match),  which  was  operated  by  .setback  forces,  was  located  in  the 
center  cavity  of  the  heat  block  and  acted  as  the  initiator  of  the  battery. 

The  self-contained  igniter  component  designed  for  the  mortar  fuze 
battery  was  the  inertial  starter  (Figure  4).  This  device  was  also  used  in 
later  battery  designs.  The  inertial  starter  development  resulted  from  a 
series  of  design  improvements  by  several  contributors  associated  with 
the  mortar  proximity  fuze  program.  It  was  originally  manufactured  by 
the  White  Corporation  of  Milwaukee.  Wl.  This  association  led  to  the 
device  being  referred  to  as  the  White  Starter.  The  inertial  igniter 
assembly  is  a  mechanical  device  that  activates  when  it  experiences  a 


Figure  4.  White  Starter  mechanism. 


sustained  acceleration.  The  igniter  assembly  is  designed  to  be  relatively 
drop  .safe.  It  is  sensitive  only  to  the  proper  sustained  acceleration  in  a 
direction  parallel  to  its  axis.  Such  acceleration  is  obtained  when  the 
assembly  is  properly  mounted  and  fired  from  a  weapon. 

This  battery,  packaged  in  a  1 . 625-in. -diam  by  1 .625-in. -high  can. 
supplied  nominal  voltages  of  1.4  V  to  a  3-ohm  load  and  140  V  to  a 
10.000-ohm  load  for  60  s.  It  activated  to  minimum  voltage  in  no  more 
than  5  s.  The  negative  bias  required  by  the  mortar  fuze  was  electroni¬ 
cally  generated  by  means  of  a  resistive  network  within  the  fuze. 

By  1950.  both  companies,  CRC  and  Wurlitzer,  had  developed 
prototype  batteries  that  would  meet  the  design  requirements.  However, 
both  battenes  still  required  further  refinement  of  manufacturing  pro¬ 
cesses  before  regular  production  could  begin. 

The  Rocket  Fuze  Battery 

The  prototype  CRC  rocket  fuze  battery'*’-"  was  based  on  the 
ternary  electrolyte  LiBr-KBr-K2Cr04  in  all  three  sections.  The  A 
section  electrolyte  was  later  changed  to  the  eutectic  chloride  system 
because  of  the  better  current-per-unit-area  capability  of  this  system. 
Thus,  the  A  section  consisted  of 

Mg/LiCl-KCl  (eutectic  )/WO,.Ni . 

The  system 

CaA-iBr-KBr-K.CtOyNi 
was  u.sed  in  the  B  section. 

The  A  section  was  made  with  two  cup-and-cover  cells  in  parallel. 
The  inside  surfaces  of  the  cup  and  cover  of  each  A  cell  had  been  coated 
with  a  paste  of  WO^  depolarizer  which  had  to  be  baked  dry.  Two  disks 
of  electrolyte-impregnated  tape  were  placed  on  each  side  of  the  cen¬ 
trally  located  magnesium  anode.  A  nickel  lead  spotwelded  to  the  anode 
exited  the  cell  at  a  small  notched  opening  in  the  periphery  of  the  cup  and 
cover  to  avoid  shorting  the  anode  to  the  cathode.  The  B  section  was  built 
as  a  series  arrangement  of  sector  cells  (Figure  5).  Each  of  the  56 
trapezoidal  or  sector  cells  had  a  small  piece  of  electrolyte-impregnated 
gla.ss  tape  on  each  side  of  a  centrally  located  calcium  anode.  The 
calcium  was  spotwelded  to  a  nickel  tab  extending  from  the  adjacent  cell 
to  make  the  series  connection. 

Heat  was  supplied  to  the  cells  by  placing  them  in  close  contact  with 
the  heat  powder,  Z-2.  a  blend  of  fine  zirconium  (2 1  percent  by  weight) 
and  barium  chromate  powders.  This  composition  supplied  4 1 0  calories 
per  gram.  In  this  application,  measured  quantities  of  the  Z-2  powder  had 
been  spread  evenly  over  and  then  compacted  onto  thin  asbestos  paper 
disks.  The  flat  sides  of  each  cell  were  pressed  against  a  compacted 


Figure  5.  The  CRC  Rocket  Fuze  Battery. 


301 


powderdi.sk.  The.se  heat  powder  layers  on  the  compacts  were  fragile  and 
the  assembly  required  careful  handling. 

The  rocket  fuze  battery,  packaged  in  a  1 .625-Ln.-diam  by  1 .625-in.- 
high  can.  supplied  the  following  voltages  and  performance  characteris¬ 
tics: 


"A"  voltage: 
"B”  voltage: 

“C"  voltage: 
Activation  time: 
Life: 


1 .5  V  across  3  ohms 

135  V  across  10,000  ohms 

5.5  V  across  100,000  ohms 
0.5  s 

30  s 

After  1950 


In  1950  the  Korean  War  started  and  the  mortar  battery  was  rushed 
into  production.  Numerous  problems  developed  which  led  the  ordnance 
people  to  worry  that  the  battery  was  not  adaptable  to  mass  manufacture. 
However,  these  initial  fabrication  problems  were  worked  out,  and  the 
first  major  production  of  a  thermal  battery  for  use  in  a  mortar  fuze 
application  was  initiated  in  1951.  In  this  period  ( 1950-51 ).  Minneapo¬ 
lis-Honey  well.  Eureka  Williams,  Pass  and  Seymour,  and  Olin-Mathieson 
were  enlisted  as  additional  contractors.  The  Universities  of  Florida. 
Virginia,  and  Illinois,  and  North  Carolina  State  College  received 
research  and  development  (R&D)  contracts  for  work  on  component 
materials  and  electrochemical  studies  during  1951-53.  The  Electro¬ 
chemistry  Section  of  NBS  also  investigated  the  properties  of  electro¬ 
chemical  systems. 

The  Pass  and  Seymour  Company  of  Syracuse,  New  York,  had  the 
task  of  preparing  the  rocket  fuze  battery  for  production,  and  Eureka 
Williams  (EW)  was  tasked  to  adapt  the  rocket  fuze  battery  for  mortar 
use.  Eureka  felt  that  the  CRC  battery  leaked  too  much  electrolyte  and 
proposed  to  replace  it  with  a  battery  of  a  new  design.  The  early  models 
of  this  design  had  heat-transfer  as  well  as  leakage  problems.  The 
attempts  to  overcome  these  problems  eventually  led  EW  to  the  devel¬ 
opment  of  a  pellet  battery. 

At  the  end  of  1950,  the  Defense  community  was  informed  of  the 
existence  of  thermal  batteries  by  the  release  of  a  classified  report.  '-This 
report  gave  a  good  summary  of  the  then  existing  thermal  battery 
technology.  It  was  distributed  to  approved  military  agencies  to  acquaint 
them  with  this  new  battery  system  in  the  belief  "that  basic  information 
should  be  made  available  so  that  this  new  type  of  battery  can  be 
considered  for  other  requirements." 

Shortly  after  this,  the  Signal  Corps  Engineering  Laboratories  (SCEL) 
of  Fort  Monmouth.  New  Jersey,  awarded  an  R&D  contract  to  CRC  for 
electrochemical  system  studies  and  other  contracts  that  led  into  the 
development  of  a  series  of  thermal  batteries  for  other  than  fuze  applica¬ 
tions.  such  as  actuators  for  airplane  ejection  seats.  In  1953  SCEL  also 
awarded  contracts  to  the  Eagle  Richer  Company  (EPI)  of  Joplin,  MO, 
for  thermal  battery  work. 

Because  of  common  interests  in  proximity  fuze  technology,  NBS- 
ODD  had  kept  the  Naval  Ordnance  Laboratory  (NOL)  (later  renamed 
the  Naval  Surface  Warfare  Center-White  Oak,  or  NSWC-WO)  in¬ 
formed  of  thermal  battery  developments  since  the  beginning  of  the  CRC 
contract.  In  1 949.  NOL  in  coordination  with  NBS-ODD,  began  work  at 
CRC  and  then  initiated  an  independent  effort  about  1952. 

For  the  same  reason,  NBS-ODD  had  informed  the  British  of  thermal 
battery  developments  about  1950.  In  1955,  the  British  began  contract 
thermal  battery  work  at  MSA-Glasgow,  a  corporate  affiliate  of  CRC. 
Key  members  of  the  Glasgow  staff  trained  at  CRC. 

Calcium-nickel  Bimetal  Developed  at  CRC 

Improvements  in  component  fabrication  for  the  rocket  fuze  battery 
helped  upgrade  its  performance  and  simplify  its  manufacture.  Thus,  a 
major  advance  was  the  development  by  CRC  in  1 952  of  a  high-vacuum 
di.stillation  process  for  the  deposition  of  0.003  to  0.005  in.  of  calcium 
metal  ”  upon  strips  of 0.005-in. -thick  nickel  from  which  the  sector  cell 
parts  could  be  punched.  The  adoption  of  this  material  in  battery 
manufacture  by  eliminating  the  spotwelding  operation  expedited  cell 


ring  fabrication  and  resulted  in  improved  battery  performance 
(Figure  6). 

Heat  Paper  Developed 

In  1952,  Pass  and  Seymour  vastly  improved  the  usability  of  the  Z- 
2  heat  source  material  by  blending  the  heat  powder  with  a  pulped  slurry 
of  inorganic  fibers  (glass  and  asbestos)  in  a  Waring  blender.  The 
combined  slurry  was  then  poured  into  a  sheetmold  to  form  a  sheet  of 
paper-like  material.  This  material  came  to  be  called  "heat  paper"  and  its 
use  greatly  simplified  both  piece-part  and  battery  fabrication. 

Heat-paper  parts  are  punched  from  the  damp  (excess  water  having 
been  pressed  out)  sheet  for  safety  reasons;  the  parts  are  dried,  sampled 
for  calorimetric  content,  and  sorted  by  weight  In  a  properly  managed 
process,  the  heat  content  of  a  part  can  be  controlled  on  a  weight  or  area 
basis  (i.e..  calories  per  gram  or  calories  per  square  inch),  and  the  scrap 
can  be  reused.  The  dried  material  is  easily  ignited  and  bums  with 
extreme  rapidity.  Therefore,  it  must  be  handled  with  great  care,  and 
accumulations  in  battery  assembly  work  areas  must  be  properly  con¬ 
trolled  and/or  kept  to  a  minimum.  After  the  usefulness  of  this  new 
material  had  been  demonstrated,  the  University  of  Florida  in  1954 
developed  and  delivered  to  CRC  a  paper-making  machine  designed  for 
heat  paper  manufacture. 

It  was  also  recognized  in  1952  that  the  depolarizer  could  be  made  as 
a  paper  on  the  same  equipment.  This  development  eliminated  the 
cumbersome  process  of  applying  the  depolarizer  (tungstic  oxide)  to  the 
cell  cup  and  cover  as  a  slurry  or  paste  and  drying  or  baking  it  in  place. 
In  the  bromide  electrolyte,  which  was  used  in  low-current  applications, 
the  depolarizer  (potassium  chromate)  was  included  in  the  electrolyte 
mixture,  greatly  simplifying  cell  assembly. 

Expanding  Use  of  Thermal  Batteries 

Department  of  Defense  (DoD)  contractors  had  heard  of  thermal 
batteries  early  and.  after  checking  their  feasibility  for  other  than  fuze 
power  u.se.  were  soon  obtaining  thermal  batteries  for  these  new  appli¬ 
cations.  In  1954,  the  Sandia  Laboratories,  then  a  component  of  the 
Atomic  Energy  Commission  (AEC).  determined  that  thermal  batteries 
would  meet  their  needs  for  battery-supplied  power  very  well.  Sandia 
originally  contracted  with  CRC  for  the  development  of  some  thermal 
battery  designs  and  later  placed  contracts  at  all  the  other  thermal  battery 
contractors  to  build  batteries  based  on  these  designs.  This  continued  for 
several  years,  and  then  Sandia  gradually  reduced  the  number  of  its 
contractors,  first  to  EPI.  Wurlitzer.  and  CRC,  and  finally  to  only  EPI. 

Sandia  found  that  the  development  of  a  battery  for  a  specific 
application  required  closer  control  than  could  be  managed  at  a  contractor' s 
plant,  so  it  gradually  formed  its  own  development  laboratory.  Sandia 
made  good  use  of  this  well-staffed  laboratory  in  the  development  of  its 
own  batteries,  and  the  associated  R&D  led  to  advances  in  technology 
which,  in  turn,  led  to  improved  battery  designs. 

In  the  decade  between  1950  and  1960,  thermal  batteries  progressed 
from  marginally  operable  devices  to  vital,  dependable  components  of 


Figure  6.  The  original  CRC  sector  cell  (left) 
and  bimetal  sector  cell  (right). 
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many  missile  weapons.  Four  types  of  cells  were  in  general  use  during 
this  period: 

( 1 )  The  closed  cup-and-cover  cells,  sometimes  called  “A"  cells 
(Figure  7).  were  the  most  popular  type,  and  were  made  in  a  range  of 
si/es.  These  cells  could  be  connected  in  series  and/or  parallel  and  were 
used  for  high-current  requirements  and  lifetimes  of  up  to  3  to  .3  minutes. 

(2)  The  open-sided  sector  or  trapezoidal  cells  were  used  in  high- 
voltage.  low  -current  batteries  with  many  cells  in  series.  Up  to  1 100  V 
were  obtained  w  ith  batteries  using  these  cells. 

( ,3 )  In  the  open-sided  dumbbell  cell,  the  heat  source  was  sandwiched 
by  the  folded-over  dumbbell  faces.  The  anode  was  attached  to  one  face, 
and  the  combined  electrolyte-depolarizer  carrier  of  the  cell  formed  the 
connection  w  ith  the  neighboring  dumbbell  cell.  This  design  was  fre¬ 
quently  used  in  rapidly  activating  batteries  for  short-life  pulse  applica¬ 
tions.  Later,  the  dumbbell  cell  structure  was  found  ideally  suited  for  use 
w  ith  pellet  batteries. 

(4)  The  large  rectangular  powercell  (4. 2x2. 25  x  0.25  in.)  with  three 
closed  sides  was  used  to  deliver  currents  on  the  order  of  5  A  at  band  28 
V  for  five  or  more  minutes.  These  power  cells  were  developed  in  a 
program  initiated  in  early  1951  to  design  a  thermal  battery  to  drive  the 
power  packs  of  guided  missile  fuzes.  In  the  course  of  this  work  much 
was  learned  about  thermal  battery  design  in  terms  of  heat  utilization, 
stack  stability  and  overcoming  alloy  and  electrolyte  problems.  In  the 
later  stages  of  the  prryect.  the  superiority  of  the  newly  found  ( 1953) 
depolarizer,  calcium  chromate  (CaCrO^).  over  tungstic  oxide  was 
demonstrated.  The  two-sided  anodes  for  these  cells  were  made  by 
pressing  clean  calcium  sheet  into  punched  grater-like  projections  ex¬ 
tending  out  of  both  sides  of  the  nickel  base  sheet.  This  technique  of 
calcium  attachment  w  as  also  w  idely  used  to  attach  calcium  to  one  of  the 
faces  of  dumbbells.  Later.  CRC  extended  their  vaporized  calcium 
derH'sition  priK'Css  to  fonn  heavier  anode  stiKk  for  use  in  these  cells  as 
well  as  in  their  cells. 

■All  the  above  batteries  used  impregnated  glass  tape  as  electrolyte 
carriers  (Figure  8). 

The  mortar  fuze  battery  ,  the  first  thermal  power  supply  to  go  into 
production,  was  manufactured  by  Wurlitzer.  Minneapolis-Honeywell. 
and  KPI.  It  is  estimated  that  between  1951  and  1967  these  companies 
produced  over  five  million  of  these  batteries.  The  only  application  for 
this  battery .  however,  was  as  the  mortar  fuze  power  supply, 

A  detailed  description  of  the  state  of  thermal  battery  development'"* 
in  the  mid  1 95()'s  ( Figures  9  and  1 0)  was  incorporated  as  a  section  of  the 
report  for  the  Proximity  Fuze  Symposium  held  at  the  Diamond  Ord- 


Flgure  7.  Small  cup-and-cover  or  "A"  cell  parts  layout 
and  assembled  cell. 
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M  Cell  Prefusion — 

.4^1/  A  Processing  Operation 

Battery  manufacturers 
learned  that  a  precondition- 
ing  or 

stacks  was  desirable  for 
Figure  8.  Electrolyte  Tape  proper  activation  and  effi- 
Processing.  cient  performance  of  cells  in 

batteries.  The  operation  was 
termed  prefusion  and  the  various  manufacturers  had  custom-built 
prefusion  equipment  for  cup-and-cover  cells  and  for  sector  cell  stacks. 
For  A  cells,  the  leads  were  attached  to  a  resistive  load  and  to  a  voltmeter. 
The  cell  was  positioned  between  two  hot  platens  which  were  closed 
upon  the  cell  for  a  definite  length  of  time  and  at  a  predetermined 
pressure  and  temperature.  The  ensuing  activation  of  the  cell  .served  to 
drive  out  moisture  and  excess  air.  allowed  the  molten  electrolyte  to  soak 
into  the  depolarizer,  and  wetted  both  anode  and  collector  surfaces,  thus 


Figure  9.  Some  representative  cells  of  the  mid-1950's. 


Figure  10.  Typical  thermal  batteries  of  the  mid-1950's. 


allowing  the  cell  to  activate  more  rapidly  when  heated  in  a  battery. 
Immediately  upon  completion  of  the  prefusion  operation,  the  ceil  was 
rapidly  cooled  in  order  to  limit  consumption  of  cell  component  materi¬ 
als. 

The  prefusion  operation  also  served  as  a  quality  control  step.  The 
operator  of  the  equipment  would  reject  cells  that  did  not  conform  to  the 
behavior  pattern  of  correctly  made  cells.  Such  rejects  were  often  found 
deficient  in  some  cell  component,  such  as  missing  electrolyte  or 
depolarizer  pads,  or  were  otherwise  misassembled.  The  prefusion 
process  was  also  extended  to  entire  stacks  of  sector  cells.  In  this  case, 
special  induction  heater  coils  were  developed  where  the  entire  stack  was 
prefu.sed  in  one  operation. 

Problems  Inherent  to  Thermal  Batteries 

Manufacturers  have  always  had  to  contend  with  some  problems  that 
have  an  adverse  effect  on  the  operation  of  thermal  batteries.  For 
example,  the  electrolyte  tended  to  leak  out  of  the  cells  of  all  designs, 
causing  noise  due  to  intercell  shorting. 

When  calcium  was  used  as  the  anode,  a  more  serious  problem  was 
caused  by  the  chemical  reaction  between  the  calcium  of  the  anode  and 
the  molten  lithium  chloride  of  the  electrolyte.  The  reaction  of  lithium 
chloride  with  calcium  produces  CaLi.,,  the  calcium-lithium  alloy.  This 
alloy  is  believed  by  some  to  be  necessary  for  the  cell  reaction.  At  the 
operating  temperature  of  the  battery  (above  353°C),  the  alloy  is  a  very 
mobile  liquid  metal  which  can  cause  intercell  shorts.  If  the  alloy  makes 
contact  under  the  right  conditions  with  the  depolarizer,  particularly 
CaCrO^,  a  violent  exothermic  chemical  reaction  occurs  which  affects 
the  voltage  and,  in  the  worst  case,  destroys  not  only  the  cell  but  also  the 
battery.  The  cell  reactions  also  result  in  formation  of  a  high-melting- 
point  double  salt,  CaKClj,  which  forms  on  the  surface  of  the  calcium 
anode  and  thus  blocks  access  to  it  by  the  electrolyte,  thereby  inhibiting 
the  cell  reaction. 

Battery  designers  used  various  methods  to  contend  with  both  the 
electrolyte  leakage  and  the  alloy  problem.  The  favorite  method  was  to 
install  barriers  of  inert  materials,  such  as  asbestos  or  Fiberfrax,  within 
the  cells  (usually  cup-and-cover  cells)  to  restrict  alloy  flow,  and  mica 
disks  or  asbestos  rings  between  cells  to  block  intercell  electrolyte  and 
alloy  contacts.  To  avoid  the  alloy  problem,  some  early  battery  designers 
preferred  magnesium  to  calcium  as  the  anode  in  their  Latteries,  in  spite 
of  the  loss  of  a  volt  per  cell  resulting  from  this  selection. 

Pellet  Batteries  Appear 

As  mentioned  earlier.  Eureka  Williams  (EW)  was  assigned  the  task 
of  adapting  the  CRC  rocket  fuze  battery  for  use  in  the  mortar  fuze.  EW 
thought  this  battery  leaked  too  much  electrolyte  and  proposed  another 
battery  design,  but  found  that  their  new  design  also  had  a  serious 
electrolyte  leakage  problem.  After  many  experiments,  they  found  that 
leakage  would  be  reduced  if  the  electrolyte  were  mixed  and  fused  with 
kaolin.  They  convened  this  mixture  to  an  electrolyte  carrying  pellet.  To 
avoid  problems  wit"  the  calcium  lithium  alloy,  they  used  a  new 
electrochemical  system  that  they  had  also  been  investigating,  namely, 

Mg/LiCI-KCl  (kaolinjA^jOs-  Ni . 

This  system  had  an  open  circuit  voltage  of  2.85  and  a  working 
voltage  of  2.2  to  2.17.  EW  processed  this  entire  system  into  a  three-layer 
pellet  as  follows  (Figure  1 1 );  measured  quantities  of  magnesium 
powder,  fused  electrolyte-kaolin  powder,  and  VjOj  powder  containing 
some  electrolyte  were  successively  poured  into  a  die  cavity  and  com¬ 
pressed  to  form  a  pellet. 

The  pelletized  cell  consisted  of  a  nickel  dumbbell  folded  over  a  heat 
paper  pad.  One  open  face  of  the  dumbbell  was  coated  with  a  glaze  of 
V2O5-B2O3,  and  the  other  open  face  was  uncoated.  The  depolarizer  end 
of  the  pellet  was  placed  in  contact  with  the  glazed  face  of  the  dumbbell, 
and  the  magnesium  of  the  pellet  contacted  the  nickel  face  of  the  next 
dumbbell.'^ 


This  pellet 
battery  work  was 
supported  by  the 
Naval  Ordnance 
Laboratory 
(NOL),  as  part  of 
a  development 
program  fora  spin 
battery  that  was 
terminated  in 
about  1955  be¬ 
cause  of  limited 
funds.  Shortly 
afterwards, 
however,  NOL 
worked  on  a 
battery-powered 
device  that  was 
subject  to  water 
impact  while  the 
battery  was  acti- 
vated.The  battery 
Figure  11.  Fabrication  of  EW  three-layer  pelleL  had  to  operate 

normally  both 

during  and  after  the  impact.  NOL  had  already  found  that  cup-and-cover 
cell  designs  tended  to  squirt  electrolyte  upon  impact,  and  the  operation 
of  the  battery  was  then  impaired  by  electrolyte  shorted  cells.  Recalling 
its  earlier  work  with  the  pellet  battery.  NOL  had  tests  made  with  pellet 
batteries,  and  all  tests  gave  satisfactory  results.  NOL  then  decided  to  use 
a  pelletized  design  for  this  application.  Later,  they  extended  the  use  of 
this  pellet  battery  system  to  many  of  their  other  applications, 

T  wo  other  thermal  battery  contractors,  CRC '  ^  and  EPI. '  ’  eventually 
concluded  that  the  multiple  part  cup-and-cover  cell  assembly  process 
was  too  complex;  both  sought  simpler  cell  designs.  Both  companies 
began  to  study  pellet-type  batteries  about  1959-60.  At  this  time.  CRC 
made  a  thorough  study  of  pelletized  battery  systems  in  single  cell  and 
battery  tests.  CRC  studied  the  EW  pellet  design  and  and  did  not  like  it. 
CRC  attempted  to  develop  a  single-layer  pellet  to  avoid  the  “bleeding,” 
“smearing."  and  “flipping"  problems  encountered  in  multi-layer  pellet 
use.  Nevertheless,  during  August  1 962.  CRC  demonstrated  its  mastery 
of  the  EW  three-layer  pellet  design  by  making  a  production  run  of  the 
Navy’s  Mk  80  battery.  But,  when  CRC  went  into  regular  pellet  battery 
production,  they  as  well  as  Eagle  Richer  used  the  two-layer  pellet  based 
on  the  system 

Ca/LiCI-KCI  (kaolin)/CaCr04,Fe . 

By  the  summer  of  1962  both  CRC  and  EPI  were  well-established  in 
pellet  battery  production  using  the  two-layer  system.  The  depolarizer 
contained  some  electrolyte  to  furnish  electrical  conductivity  to  the 
de|x>larizer  layer  during  the  activation  period.  Pellets  were  produced  in 
a  die  cavity  of  known  volume  formed  by  dropping  a  lower  ram.  The 
cavity  was  filled  with  depolarizer  powder,  the  ram  was  lowered  again 
and  the  new  cavity  was  filled  with  the  electrolyte  mixture.  Then,  the 
pressure  ram  was  applied  with  a  predetermined  force  on  the  layered 
materials  in  the  cavity  and  a  two-layered  pellet  was  formed.  Iron 
dumbbells  were  used  to  form  cells.  Calcium  attached  to  one  face  was 
placed  against  the  electrolyte  side  of  the  pellet;  heat  paper  was  sand¬ 
wiched  between  dumbbell  faces;  the  other  outer,  uncoated  iron  face 
contacted  the  depolarizer  side  of  the  next  cell's  pellet. 

Cup-and-cover  cell  batteries  were  also  made  and  developed  by  both 
companies  until  about  1965,  when  pellet  designs  began  to  take  over.'* 
Certain  special  cup-and-cover  designs,  however,  were  still  being  made 
into  the  1980’s.  Such  productions  were  usually  repeat  buys  of  earlier 
proven  designs. 
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In  the  mid-l960's  there  were  large  procurements  (several  hundred 
thousand  each)  by  HDL  of  three  of  the  earlier  developed  A.B.C  batteries 
for  use  in  rocket,  bomb,  and  mortar  fuzes.  These  buys  marked  the  phase¬ 
out  of  this  technology,  because  the  transistorized  fuzes  then  in  develop¬ 
ment  used  simpler  batteries. 

The  All-Peilet  Battery 

In  the  early  I960'.s  Sandia  began  development  of  an  all-pellet 
battery.  '^The  heat  source  was  a  pelletized  blend  of  fine  iron  powder  and 
potassium  perchlorate.  The  electrolyte  and  depolarizer  were  combined 
into  a  single-layer  compact  (Figure  12)  which  was  made  from  a 
homogeneous  blend  of  the  eutectic  chloride,  the  calcium  chromate,  and 
special  silica  binder  by  a  prescribed  procedure  of  mixing,  ball  milling, 
fusion,  and  granulation.  Calcium  bimetal  disks  or  equivalent  formed  the 
anodes.  The  excess  iron  in  the  heat  pellet  acted  as  the  cathode  collector 
and  also  as  the  intercell  connector  in  the  activated  battery.  The  acrony  mic 
name  DEB  (Depolarizer.  Electrolyte,  and  Binder)  was  applied  to  this 
pellet  and  to  the  battery  design  ba.sed  on  it. 

Sandia  used  the  DEB  system  in  its  own  new  designs.  CRC.  who  had 
done  some  early  investigatory  work  for  Sandia  on  the  system,  began 
using  it  in  productinn  batteries  about  1 970.  EPI  used  this  design  in  some 
batteries,  but  also  continued  making  the  two-layer  pellet  batteries  with 
calcium  metal  ani  ues  mechanically  attached  to  one  face  of  the  dumb¬ 
bell. 

A  published  article  by  Jennings  discusses  the  thermal  battery 
technology  up  to  1 970  and  includes  electrochemistry,  cell  materials  and 
structures,  heating  methods,  and  various  battery  types.-° 

In  1973.  Sandia  decided  to  concentrate  on  battery  development 
work,  and  another  AEC  agency.  General  Electric  Neutron  Devices 
(GEND).  became  the  procurement  agency  for  Sandia-developed  batter¬ 
ies.  GEND  quickly  developed  the  necessary  thermal  battery  fabrication 
and  monitoring  facilities  and  formed  an  able  staff  to  carry  out  this  new 
mission. 

A  1974  paper-'  by  Van  Domelan  and  Wehrle  reviews  the  cup-and- 
cover  technology,  touches  on  the  multi-layer  pellet  system,  and  details 
the  advantages  of  the  single-layer  pellet  (DEB)  system  developed  by 
Sandia. 

A  New  Thermal  Battery  Manufacturer 

In  1966  a  small  cadre  of  thermal  battery  engineers  and  other 
specialists  left  CRC  to  set  up  a  new  company.  SCORE,  in  Cockeysville. 
MD.  to  manufacture  thermal  batteries.  The  company  started  by  manu¬ 
facturing  cup-and-cover-type  batteries  based  on  both  the  Ca/CaCrOj 
and  Ca/WO,  systems  and  expanded  into  fabrication  of  two-layer  pellets 
when  they  acquired  a  pellet  press.  In  general.  SCORE  kept  up  with 
developments  in  the  industry,  introduced  a  few  innovations  of  its  own 
and  established  an  energetic  R&D  group.  In  1971  SCORE  became 
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Figure  12.  Pellet  arrangement  in  DEB  cell. 


affiliated  with  KDI  Corporation  and  was  renamed  KDi-SCORE.  In 
1 98 1 .  the  company  was  acquired  by  S AFT.  who  continued  the  thermal 
battery  work.  In  1989.  SAFT  also  acquired  the  thermal  battery  portion 
of  CRC  from  Mine  Safety  Appliances.  In  1993.  however.  SAFT 
discontinued  the  manufacture  of  thermal  batteries,  and  planned  to  use 
their  Cockeysville  facilities  for  R&D  work. 

Wurlitzer’s  Two-Dollar  Thermal  Battery 

In  spite  of  the  emphasis  on  pellet  technology  in  the  1 960's.  Wurliizer. 
who  did  not  make  pellet  batteries,  developed  a  small  battery  in  l%7  for 
an  HDL  rocket  fuze.  The  battery--  was  intended  for  high-volume 
production  with  a  target  price  of  S2.00  per  unit. 

This  nine-cell  battery  used  the  electrochemical  system 

Ca/LiCl:KCl=  35:65/V,0,-B,0v  Ni 

and  was  contained  in  a  can  1 5/32  in.  O.D.  and  29/32  in.  high.  The  stack 
was  grounded  to  the  can.  The  battery  activated  to  29  ±  3  V  in  less  than 
0.3  s  and  delivered  1 00  mA  for  at  least  10  s  at  20  rps  over  the  temperature 
range  from  -40°F  to  I40°F. 

This  battery  used  Wurlitzer's  preferred  off-eutectic  electrolyte 
which,  by  reducing  the  amount  of  the  lower-melting  lithium  chloride, 
would  melt  at  a  higher  temperature  and  tend  to  give  a  slushy  electrolyte. 
These  features  presumably  reduced  both  the  cells'  tendency  to  form 
alloy  and  to  leak  electrolyte.  The  electrolyte  was  carried  by  impregnated 
crocidolite  asbestos  paper.  The  0.003-in. -thick  nickel  dumbbell  cells 
were  roughly  1 3/32-in.  squares  which,  when  folded  over  the  heat-paper 
heat  source,  had  one  open  face  coated  with  vaporized  calcium  and  the 
other  coated  with  a  glaze  of  V^O^-B^O,. 

This  battery  was  produced  at  a  rate  of  several  thousand  per  day. 
70.000  per  month.  Wurlitzer  made  over  a  million  of  these  batteries,  and 
EPI.  the  second  source,  probably  made  another  million.  The  target  price 
of  $2.00  per  unit  was  approached  early  on.  but  as  the  economy  changed, 
the  price  went  up. 

Sandia’s  Long-Life  Thermal  Battery 

In  the  early  1970‘s.  Sandia  considered  the  possibility  of  extending 
the  working  life  of  thermal  batteries  beyond  5  minutes,  first  working  to 
achieve  15  minutes  and  eventually  reaching  a  battery  life  of  60  min- 
utes.--’--'*  This  success  was  achieved  by  following  a  number  of  steps, 
such  as  lining  the  battery  can  with  superior  thermal  insulation,  using 
heat  reservoirs  (pellets  containing  a  eutectic  salt  mixture  melting  at 
493°C)  at  the  ends  of  the  stack,  utilizing  the  heat  generated  by  intra-cell 
reactions,  u.sing  chemical  and  mechanical  .steps  to  control  the  calcium- 
lithium  alloy  formation,  and  finally,  reducing  the  load  current  density 
on  the  cell. 

Continued  work  on  this  design  led  to  the  installation  of  a  heat  buffer 
pellet  in  the  middle  of  the  stack  and  the  addition  of  some  CalOHli  to  the 
electrolyte  to  inhibit  alloy  formation.  The  edges  of  the  anodes  were  also 
treated  to  form  a  thin  adherent  coating  of  CaO.  The  electrolyte  modifi¬ 
cation  and  the  edge  treatment  apparently  did  control  the  alloy  problem. 

The  Lithium,  Lithium  Alloy,  Iron  Disulfide  System 

In  the  I960's.  Argonne  National  Laboratory  (AND  began  investi¬ 
gating  the  feasibility  of  developing  a  molten-salt  secondary  battery  for 
vehicular  propulsion  and  load  leveling  in  power  systems.  It  examined 
the  heavier  chalcogens  as  cathodic  materials  with  lithium  as  the  anode. 
Finding  the  liquid  electrode  systems  difficult  to  handle.  ANL  settled  for 
a  lithium  aluminum  (solid)  alloy  as  anode  and  iron  disulfide  and  later 
iron  sulfide  as  the  cathodic  material.  Several  contractors  worked  for 
ANL  on  such  secondary  batteries,  studying  cell  design,  materials, 
heating  arrangements,  etc.  All  efforts  were  directed  at  building  a 
reliable  battery  capable  of  accepting  a  high  number  of  charge-discharge 
cycles. 

CRC  was  aware  of  the  work  at  Argonne  and  performed  work  aimed 
at  adapting  a  lithium  anode  to  primary  thermal  battery  u.se.  CRC  filed 
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for  a  pateni^^  in  1 973  on  a  lithium  anode  in  which  the  lithium  metal  was 
earned  on  a  porous  metal,  e.g.,  a  fine  iron  screen  that  would  inhibit  the 
movement  of  liquid  lithium  (Figure  13).  The  screen  was  mounted  in  tiK 
bottom  of  a  cup.  The  sides  of  the  cup  were  folded  over  a  cover  formed 
by  a  double- layer  crocidolite  asbestos  paper.  The  outer  layer  of  asbestos 
was  impregnated  with  the  electrolyte,  which  was  absorbed  by  the  inner 
layer  after  the  battery  was  activated.  Batteries  based  on  this  structure 
went  into  production  in  1973. 

CRC  later  developed  a  superior  version  of  the  lithium  metal  anode 
by  mixing  a  fine  iron  powder  into  molten  lithium.  This  blended 
material,  when  solidified,  was  rolled  into  a  thin  strip  from  which  disks 
of  the  mixture  were  punched.  These  disks  were  put  into  the  screen 
bottomed  cell  cups,  and  the  sides  of  the  cups  were  pressed  over  the 
periphery  of  the  anode  material.  The  patent‘d  states  that,  at  the  operating 
temperature  of  the  battery,  this  anode  softens,  does  not  liquefy,  and 
maintains  its  dimensional  stability  during  battery  operation.  A  paper  by 
Winchesters^  discusses  the  performance  characteristics  of  this  anode 
system  in  batteries.  Most,  if  not  all,  of  CRC's  subsequent  production 
used  this  anode,  which  CRC  referred  to  as  their  LAN  anode. 

The  British  also  had  started  working  with  lithium-sulfur  cells  in  the 
early  1970's.  The  work  also  seems  to  have  been  influenced  by  that  at 
ANL  and  moved  on  to  the  use  of  the  iron  disulfide  cathode  and  to  the 
design  of  a  primary  battery  using  a  lithium-aluminum  anode. 

During  the  1970’s  and  ‘80’s  the  Air  Force’s  Aero  Propulsion 
Laboratory  (APL,  Wright  Patterson  Air  Force  Base)  supported  pro¬ 
grams  to  improve  thermal  battery  performance  to  meet  the  power  and 
life  demands  of  new  sophisticated  devices.  In  1976,  in  one  of  these 
programs.  APL  awarded  contracts  to  EPI  and  SAFT  to  develop  an 
advanced  thermal  battery,  by  optimizing  the  calcium-calcium  chromate 
system  and  investigating  new  electrochemical  systems  and  evaluating 
their  potential  worth.  Both  contractors  worked  on  the  CaJCaCtO^ 
system  and  examined  a  number  of  other  systems;  both  studied  the  Li  Al/ 
LiCl-KCl  (eut)/FeS2  system  early  and  explored  its  characteristics, 
concluding  that  it  was  superior  to  ail  the  other  systems  with  regard  to 
current  density,  life,  and  energy  output.  Furthermore,  as  a  great  benefit, 
there  was  no  lithium-caliiium  alloy  problem.  Both  companies  summa¬ 
rized  their  findings  in  their  final  reports  issued  in  1979.^’ 

Sandia  also  investigated  the  Li/FeS2  system  at  this  time,  starting 
with  a  study  of  the  system  Mg/FeS2  to  evaluate  the  behavior  of  the 
cathodic  material  and  following  it  by  studying  the  system  characteris¬ 
tics  with  lithium  alloy  anodes.^'  This  study  showed  that  the  lithium 
silicon  alloy  gave  better  life  performance  than  the  lithium  aluminum 
alloy  on  an  anode  weight  basis.  This  work  was  followed  by  a  series  of 
staff  reports  on  investigations  of  the  performance  characteristics  and 
chemical  aspects  of  the  system. 

These  developments  stimulated  a  rapid  movement  away  from  the 
use  of  the  calcium-calcium  chromate  system  and  has  established  the 


lithium  or  lithium  alloy  anode/iron  disulfide  cathode  system  as  the 
dominant  system  in  use  in  present-day  thermal  batteries. 

Attewell  and  Clark  review  the  thermal  battery  field  in  a  1980 
paper. They  briefly  discuss  the  Ca/CaCrO^  system  and  then  proceed 
with  a  discussion  of  the  lithium  anodes  of  various  types.  They  point  out 
these  these  batteries  show  a  marked  increa.se  in  energy  and  power 
density  compared  with  the  previous  types.  They  feel  that  larger  batteries 
than  any  previously  possible  with  the  older  system  will  probably  appear 
and  extend  the  uses  of  thermal  power  supplies. 

A  short  historical  and  technical  review  of  the  entire  thermal  battery 
field ( 1 984)  is  presented  by  Tepper  and  Y alom-^-^  in  Linden's  Handbook 
of  Batteries  and  Fuel  Cells. 

In  use  at  this  time  ( 1 993 )  are  three  varieties  of  lithium-ba.sed  anodes: 
( 1 )  the  physical  mixture  of  lithium  metal  with  iron  powder  developed 
by  CRC,  (2)  the  lithium  aluminum  alloy,  which  was  favored  by  SAFT, 
and  (3)  the  lithium  silicon  alloy,  which  is  used  by  Sandia  and  EPI.  The 
LiSi  offers  twice  as  much  available  lithium  as  does  the  Li  Al  anode  at  the 
working  temperature  of  the  battery. 

In  the  1980’s.  the  search  for  a  better  electrolyte  than  the  eutectic- 
chloride  revealed  two  that  warranted  further  investigation,  a  LiCl-KBr- 
LiBreutectic  (25-38-37  mole  percent )  with  a  melting  point  at  3 1 0°C  and 
an  all-lithium  halide  eutectic  LiF-LiCI-LiBr  (22-31-47  mol  percent) 
which  melted  at  430°C.  The  latter  electrolyte  was  described  as  superior 
to  the  eutectic  chloride  for  high  current  applications  and  us  ideal  for 
pulse  battery  applications. 

Several  papers  in  the  proceedings  of  the  33rd  International  Power 
Sources  Symposium  (1988)  discuss  the  properties  and  performance 
characteristics  of  additional  electrolyte  formulations. 

The  possibility  of  replacing  silver  zinc  batteries  with  thermal 
batteries  had  been  discussed  informally  for  a  number  of  years.  A  1 984 
paper^'*  by  Gross  made  the  case  for  such  replacement.  He  discussed  the 
applicable  characteristics  of  both  battery  types  and  emphasized  the 
definite  advantages  offered  by  thermal  batteries.  Similarly,  in  1988. 
Briscoe^*  et  al.  considered  many  of  the  same  factors  and  cited  the 
development  and  qualification  of  such  a  battery  by  SAFT.  At  this  time, 
additional  silver  zinc  batteries  have  been  replaced  by  thermals. 

Heat  Sources 

Heat  paper  was  the  heat  source  used  in  most  ( the  mortar  fuze  battery 
used  compacted  heat  blocks)  of  the  thermal  batteries  made  in  the 
1950’ s,  60’s,  and  well  intothe  70' s.  CRC  started  to  use  Z-2  heat  powder 
exclusively  about  1950.  first  as  compacts  on  asbestos  disks  and  Z-2 
powder  packaged  in  a.sbestos  envelopes  for  use  in  large  batteries.  Then 
after  mid- 1 952  CRC  started  using  heat  paper  based  on  Z-2.  After  some 
experience  with  this  heat  paper  CRC  raised  the  zirconium  content  of  the 
heat  powder  from  21  to  28  percent,  when  they  found  that  burning  Z-2 
heat  paper  could  be  quenched.  This  new  material  was  named  Z-28. 

As  batteries  became  larger,  increased  amounts  of  heat  powder  were 
used  per  battery,  and  the  gases  generated  from  the  impurities  in  the 
constituent  materials  of  the  heat  powder  began  to  cause  pressure 
problems,  i.e.,  blown  out  terminal  seals  and  distorted  containers.  A 
1954  DOFL  program  involving  work  at  DOFL.  the  University  of 
Florida,  and  Foote  Mineral  Company  resulted  in  specifications  for  both 
barium  chromate  and  zirconium  powders.  The  specification  for  the 
latter  was  based  on  the  properties  of  Foote’s  1 20A  zirconium  ftowder. 
Included  in  this  program  was  the  development  by  DOFL  of  a  special 
calorimeter.-’*  the  argon  calorimeter,  to  determine  the  heat  content  of 
thermite-type  heat  powders.  The  Parr  Company  later  manufactured  this 
device  as  the  Parr  1411  calorimeter. 

In  1 958.  SCEL  sponsored  a  similar  program  at  CRC-’^  to  investigate 
the  properties  of  the  constituent  materials  and  heat-paper  manufactur¬ 
ing  process  that  affect  the  performance  of  the  end  product.  The  purity 
and  particle  size  of  the  zirconium  powder  were  found  to  be  of  great 
importance  with  respect  to  the  calorific  value  and  burning  rate.  The 
optimum  combination,  depending  on  the  end  purpose,  of  inorganic 


306 


fibers  was  determined.  The  quantitative  effects  of  various  combinations 
of  components  were  presented  in  the  report  in  graphic  form  so  that 
calorific  value,  burning  rate,  tensile  strength,  flexibility,  ash  quality, 
and  gas  evolution  could  be  predicted  and  controlled. 

These  efforts  did  contribute  to  improved  heat-paper  performance, 
but  zirconium  heat  paper  was  never  completely  gasless  and  battery 
containers,  particularly  the  larger  designs,  had  to  be  designed  to 
withstand  considerable  pressure. 

Saiuiia’s  Heat  Pellet 

About  1 964.  Sandia  started  the  development  of  the  all-pellet  battery 
by  converting  the  heat  source  to  a  conductive  pellet.  After  finding  a 
source  to  produce  a  fine  iron  powder  of  the  right  particle  size  and 
configuration.  Sandia  blended  the  iron  powder  with  finely  ground 
potassium  perchlorate  powder  and  compressed  the  mixture.  The  iron 
powder  was  designated  NX  - 1 000  and,  at  that  time,  was  made  by  Pfizer. 
The  heat  pellet  was  sufficiently  strong  for  use  in  a  cell  stack  and  could 
be  reliably  ignited  by  a  burning  heat-paper  fuze  train.  The  heat  output 
was  controlled  by  varying  the  composition  of  the  heat  powder  mixture. 
After  burning,  the  remaining  metallic  iron  in  the  pellet  made  it  electri¬ 
cally  conductive  so  that  it  acted  as  an  intercell  connector.  Use  of  this  new 
heat  source  in  production  batteries  began  in  the  late  I960's. 

New  Source  of  Zirconium  Powder 

In  June  1972,  a  fire  destroyed  the  Foote  Mineral  zirconium  manu¬ 
facturing  facility.  Foote  conducted  a  survey  on  the  future  requirements 
for  zirconium,  became  aware  of  the  growing  use  of  the  iron  heat  pellets, 
and  decided  not  to  replace  the  facility  in  view  of  the  limited  market  and 
the  hazards  involved  in  manufacturing  the  material. 

Foote's  departure  left  Ventron  Co.  of  Beverly,  MA,  the  sole  pro¬ 
ducer  of  battery-grade  zirconium.  Using  ores  from  different  sources, 
Ventron  produced  two  types  of  zirconium,  called  Type  1  and  Type  li,  by 
a  magnesium  reduction  process.  Type  I  zirconium  had  a  larger  than 
usual  particle  size.  Type  II  zirconium  contained  particles  in  the  sub- 
micron  range,  which  made  the  dry  powder  dangerous  and  potentially 
ignitable  on  exposure  to  air. 

Some  of  the  battery  manufacturers  were  concerned  about  the  effects 
of  these  two  new  materials  in  their  established  processes.  Heat  paper 
made  with  the  Type  II  material  worried  manufacturers  because  of  the 
danger  of  spontaneous  ignition  of  heat  paper  during  handling,  weigh¬ 
ing,  and  battery  assembly  operations.  One  company.  Eureka,  had  been 
using  Type  I  all  along  and  reported  no  trouble  with  it.  SCORE,  when 
faced  with  the  problem,  blended  the  two  types  in  equal  amounts  and  said 
they  had  no  problems.  Ventron  cooperated  in  overcoming  the  problem 
and  instituted  production  controls  to  reduce  the  hazards. 

With  the  Foote  l20A-grade  zirconium  no  longer  available  the 
specification  based  on  it  was  no  longer  valid.  A  new  specification,  MIL- 
Z-46 1 89  (dated  02  October  1 986),  was  prepared  by  the  Army  Materials 
Laboratory,  working  in  collaboration  with  Ventron  and  with  members 
of  the  thermal  battery  community  also  contributing. 

The  Calcium  Chromate  Problem 

While  not  related  to  heat  sources,  another  material  supply  problem 
also  arose  at  this  time.  The  long-time  source  of  an  excellent  grade  of 
CaCrO^,  the  most  frequently  used  depolarizer  of  the  period,  closed 
down  the  plant  making  the  material.  Calcium  chromate  had  been 
targeted  by  OSHA  as  a  carcinogen,  and  the  company  was  not  interested 
in  replacing  the  old  plant.  The  supplies  of  CaCrOl  from  other  sources 
were  not  always  satisfactory  for  a  given  battery  manufacturer's  prac¬ 
tice,  and  the  replacement  sources  never  did  entirely  satisfy  some  users. 

This  pair  of  supply  problems  threatened  to  close  down  one  impor¬ 
tant  production  line  and  prompted  a  number  of  battery-  procuring 
Government  agencies  (Army.  Navy,  Air  Force,  and  Department  of 
Energy-DOE)  to  form  a  DoD-authorized  committee  to  assess  the  extent 
of  the  users'  supply  problems  with  these  and  any  other  materials  and,  if 


possible,  generate  replacement  sources.  The  committee’s  efforts  with 
suppliers  and  users  helped  ease  the  problems  and  resulted  in  the  erection 
of  an  environmentally  safe  manufacturing  facility  at  GEND  (DOE)  for 
calcium  chromate.  EPI  successfully  demonstrated  a  standby  plant^^  for 
zirconium  production  on  an  Air  Force  contract. 

Interestingly  enough,  shortly  after  these  developments,  the  trend  of 
thermal  battery  manufacture  turned  to  the  wider  use  of  iron-based  heat 
pellets,  and  calcium  chromate  was  superseded  by  iron  disulfide  as  a 
cathodic  material. 
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Thermal  Battery  Chronology 


June  1946  C.  Ravitsky  reviews  Erb  Report  at  the  National  Bureau  of 
Standards  Ordnance  Development  Division  (NBS-ODD) 
and  writes  memorandum  to  management  recommending 
further  investigation.  Management  concurs  and  P.  J.  Franklin 
is  instructed  to  investigate. 

Dec  1946  P.  J.  Franklin  demonstrates  thermal  cell  feasibility  at  the 
National  Bureau  of  Standards  Ordnance  Development  Divi¬ 
sion. 

Feb  1947  Catalyst  Research  Corporation  (CRC)  maker  of  the  heat 
source  material  used  by  Franklin:  O.  G.  Bennett,  the  General 
Manager,  proposes  to  develop  a  thermal  battery  under 
contract  to  NBS-ODD. 


May  1947  CRC  starts  work  on  thermal  battery  development  contract. 
Oct  1947  NBS-ODD  extends  and  enlarges  scope  of  contract. 

Mar  1948  Wurlitzer  starts  work  on  thermal  battery  for  mortar  fuze. 

1949  Early  Wurlitzer  thermal  battery-fuze  field  tests. 

1950  NBS-ODD  decides  to  use  thermal  batteries  to  power  all  its 
fuzes. 

Wurlitzer  starts  limited  production  of  mortar  fuze  battery. 
1950  Early  rocket  fuze  battery  ready  for  field  tests. 

NBS  issues  report  “Thermal  Batteries." 
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1951  Signal  Corps  Electronic  Laboratories  (SCEL)  contract  at 
CRC  for  R&D  work  on  thermal  batteries. 

Army  Ordnance  and  NBS-ODD  bring  in  Pass  and  Seymour, 
Eureka  Williams,  Minneapolis  Honeywell,  and  Olin  as 
industrial  contractors. 

The  Universities  of  Florida,  Virginia,  and  Illinois  and  North 
Carolina  State  College  are  brought  in  as  R&D  contractors. 

Bimetal  prwess  development  started  at  CRC. 

Heat  paper  developed  at  Pass  and  Seymour. 

Power  battery  (guided  missile  fuze  power  supply)  started  at 
CRC. 

1952  CRC  begins  pilot  plant  production  of  calcium-nickel  bi¬ 
metal. 

CRC  uses  heat  paper,  develops  depolarizer  paper. 

195.^  NBS-ODD  transferred  to  Army,  renamed  Diamond  Ord¬ 
nance  Fuze  Laboratories  (DOFL). 

Sandia  Corporation  looks  into  thermal  batteries. 

1954  Heat  paper  machine  developed  at  University  of  Florida 
acquired  by  CRC. 

DOFL  begins  program  for  heat  p<iwdcr/heat  paper  improve¬ 
ment. 

British  begin  thermal  battery  work  at  MSA  Glasgow. 

1955  Sandia  Corp.  awards  contracts  to  CRC,  Wurlitzer,  EW, 
PNS,  and  Eagle  Picher. 

EW  develops  pelletized  battery;  work  sponsored  by  NOL. 

Extensive  development  and  manufacture  of  batteries  using 
cup-and-cover  cells  in  various  sizes. 


1960  Pellet  work  started  at  CRC  and  EPl. 

1961  DOFL  renamed  Harry  Diamond  Laboratories  (HDL). 

1962  Sandia  initiates  internal  R&D  work. 

1964  Sandia  initiates  work  on  the  all-pellet  battery. 

1966  SCORE,  a  new  thermal  battery  company,  established. 

197 1  Wurlitzer  drops  out  of  the  thermal  battery  business. 

KDI  Corporation  takes  over  SCORE. 

1973  Usual  sources  of  Zr  and  CaCrO^  powders  dry  up.  Joint 
Deputies  for  Laboratories  Committee  ( JDLC)  Sub  Panel  on 
Thermal  Batteries  formed  to  locate  new  sources  and  estab¬ 
lish  standards. 

General  Electric  Neutron  Devices  (GEND)  becomes  ther¬ 
mal  battery  procurement  agency  for  Sandia. 

1974  CRC  patents  cell  with  lithium  metal  anode. 

1976  Aero  Propulsion  Laboratory  (AFWAL/P(X)C-1),  Wright 
Patterson  Air  Force  Base,  contracts  with  EPl  and  KDL 
SCORE  to  develop  an  "Advanced  Thermal  Battery."  Both 
contractors  demonstrate  the  superiority  of  the  LiAl/FeS, 
system. 

1980  Eureka  drops  out  of  thermal  battery  business. 

1981  SAFT  buys  SCORE  from  KDL 

1989  SAFT  buys  thermal  battery  business  of  CRC. 

1992  SAFT  ends  thermal  battery  production  operations  at 
Cockeysville,  MD  and  converts  the  facility  there  into  an 
R&D  operation. 

1992  Harry  Diamond  Laboratories  (HDL)  is  absorbed  into  the 
new  Army  Research  Laboratory. 
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EXPiaUE3>iCES  ROM  MCVELOFING 
ELECTRICAL  NON  DESraUClTVE 
TESTING  FOR  THERMAL  BATTERIES 


ENDT-TB  method.  The  leooiidiiy  task  is,  if  possible  to  poim 
out  the  diffieient  kinds  of  claimed  defects,  such  as  shotted  ceils, 
cells  with  reversed  polarity  or  other  d^e^. 


Ph  a.  Selinter,  Caldla  Generics  AB, 
Efectnun  232,  164  40  Kista,  Sweden 
Owe  J.  Lyndl,  FMV:FL8, 

113  88  Stockholm,  Sweden 
Richard  A.  Marsh  and  David  M.  Ryan, 
Wright  Lab.  Wiight-Patterson  AFB,  Ohio,  USA 


Abstract 

A  reliable,  practical  Electrical  Ndn-Destnictive  Test  (ENDT) 
method  for  determining  the  state-of-health  of  thermal  batteries 
does  not  exist  for  today’s  users.  The  Swedish  Defence  Material 
Administration,  Air  Materials  Dqiartment  (FMV)  and  Catella 
Generics  have  undertaken  the  task  to  develop  an  ENDT  method 
for  thermal  batteries.  The  tqtproach  to  accomplish  this  task  is  to 
use  statistical  analysis  of  various  electrical  measurements  taken  on 
the  thermal  batterks  and  use  these  results  to  determine  if  a  Mure 
mode  exists  in  the  subject  battery.  The  data  to  be  analyzed  will 
pertain  to  the  batteries’  cold  open  circuit  voltage  (OCV),  cold 
closed  circuit  voltage  (COO  col<l  resistance  and  cold 
capacitance.  In  (»der  to  assess  or  validate  the  ENDT  method 
developed  by  FMV  and  Catella  Generics,  the  Wright  Laboratory 
of  WPAFB,  OH  provided  FMV  with  (30),  EAP  12166 
thermal  batteries  produced  by  Eagle-Picher  Industries  for 
evaluation.  Unknown  to  the  evaluaton,  several  of  these  batteries 
had  intentional  defects  built  into  the  b  . iter  les  during  manufecture. 
This  p^ter  will  present  the  ENDT  method  developed,  the  validity 
test  results/cooclusiona,  a  discuuion  conoeming  the  practicality  of 
the  ENDT  method  and  future  woric  that  is  recommended. 

Tntmductinn/BackyininMl 

During  the  1980’s  significant  technological  advances  were 
achieved  in  thermal  batteries;  i.e.  increased  energy  and  power 
density,  extended  discharge  times  and  the  development  of  large 
capacity  batteries.  As  a  result  of  these  advances,  thermal  batteries 
have  entered  into  a  wide  range  of  new  qiplication  areas,  i.e. 
aircraft  emergency  power.  The  FMV  was  the  ftrst  to  intr^uce 
thermal  batteries  as  a  source  of  emergency  power  on  board 
aircraft  -  JAS  39  multi  role  ftghter.  Because  of  these  critical 
application  areas,  die  FMV  has  undertaken  a  project  to  develop 
an  ENDT  method  for  thermal  batteries  to  determine  dieir  state-of- 
health  (or  ability  to  perftwm  the  mission)  -  throughout  the  thermal 
batteries’  life  cycfe.  The  objective  of  the  ENDT  method  for 
thermal  batteries  is  to  detect  manufacturing  feults  and/w  feults 
which  occur  during  the  batteries  life  cycle  while  implemented  into 
various  weqion  systems. 

Determining  die  batteries  state-of-health  before  and  after 
installation  into  a  weapon  system  would  significandy  improve 
system  reliability/availability  and  drastically  reduce  its  life  cycle 
cost.  This  FMV  project  to  develop  a  reliable,  inexpensive  and 
practical  ENDT  mediod  for  thermal  batteries  is  the  first  of  its  type 
and  could  have  significant  cost  and  reliability  impact  on 
{Hoduction  and  use  of  thermal  batteries. 

Project  obiective 

The  primary  task  is  to  identify  defect  batteries  ftom  a 
qiedfically  prepared  population  of  thermal  batteries  by  the 


IVacriprinn  of  riig  KMIYT-TH  cnn«y 
Testing  MimABi  «id  their 

The  test  population  consisted  of  a  batdi  of  30  thermal 
battesies  of  whi^  some  were  specially  prepared  with  various 
types  of  defects  and  the  others  made  according  to  standard 
manufecturing  practice.  The  batteries  were  of  the  EPI,  EAP 
12166  type.  Ea^  battery  has  a  configuration  conqiriaing  24  cells 
divided  into  two  equal  stacks  with  a  common  ground.  The 
chemistry  is  the  LiAl/FeSj  system. 

The  special  preparation  of  defects  into  the  batteries  were  made 
in  co-operation  between  Eagle-Picher  Industries  and  Wright 
Laboratory  at  WPAFB.  The  type  of  defects  were  cells  with 
reversed  ptriarity,  shot  circuited  cells,  reduced  stack  pressure 
contamination  and  mnsture.  The  various  defects  are  shown  as 
categories  in  Figures  1-4. 

Intentionally,  no  information  other  than  die  type  of  defects, 
was  initially  given  to  the  analyst  during  the  course  of  the 
measuring  and  evaluation  part  of  the  project.  The  analyzing  and 
testing  partner  was  Catella  Generics  AB. 

Bacrimaiial 

The  ENDT-TB  measuring  procedures  were  as  follow: 

*  OCV  measurements  were  carried  out  at  -i-2rc  and  again 

+40’C  for  each  stack 

*  Stack  resistance  measurements  were  carried  out  tX  •¥2VC 

*  Cqncitance  measurements  were  carried  out  for  each  stack  at 

-H21*C. 

*  Cold  discharge  experiments  were  carried  out  as  voltage 

measurements  over  a  high  resistivity  load  (about  1  Gohm) 

connected  to  the  battery  at  +2rC. 

The  instrumentation  used  was  a  Keigthley  617  efectrometer 
for  voltage  measurements;  OCV,  cold  disdiarge  voltages  and 
resistance.  A  standard  c^ncitance  instrument,  Boonton 
Capacitance  Metm  Model  ITB,  was  used  in  the  capacitance 
measurements. 

The  batteries,  after  thermal  activation  were  discharged  into  an 
110  load.  Vdtage  and  current  data  were  collected  at  a  sampling 
rate  of  2  seconds. 

The  experiences  from  tiwse  measurements  are  the  following: 

OCV  measurements  takes  about  30  minutes  to  reach  a 
rqiroducible  stability  at  -t-2rc  and  13-20  min.  at  -<-40*C.  It  was 
necessary  in  some  cases  to  put  the  battmy  on  an  anti  static  ground 
when  conducting  the  OCV  measurements. 

The  cell  OCy  value  was  found  to  be  2.469  VPC.  This  value 
is  much  higher  than  the  value  expected  from  thermochemical 
calculations.  A  sulphate  contamination  associated  with  the  FeS} 
electrode  material  is  identified  as  the  most  probable  explanation 
to  this  observation  (1). 
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Cold  apocitanoe  measurements  took  only  a  few  seconds  to 
tiabiliie  and  ooM  vtdlage  discharge  measurements  were  made 
after  1  minute. 

Reaslance  measurements  were  found  to  be  impractical  to  use 
due  to  a  very  long  stabilising  time. 

MeamuMngnta 

The  battery  has  four  terminals  marked  +,  C,  -  and  M.  C  for 
common  and  M  for  electrical  match.  The  OCV  measurements 
were  carried  out  over  +  to  C  and  C  to  -  terminals  and  presented 
as  -<-/C  reqwcdvdy  C/-  in  Figures  1-2.  Cortm^ionding 
capacitance  and  cold  discharge  measurements  at  the  +/C  and  C/- 
teminal  are  also  {nesented  in  Figures  3  -  4. 

Analysis  of  tiyaMiremwits 

Analysis  of  OCV-peasurements:  A  battery  is  built  of  discrete 
components  such  as  c^s.  Each  cell  is  assum^  to  be  represented 
by  its  thomochemical  couple  value  and  a  battery  by  the  sum  of 
these  ceUs.  A  normal  battery  should  be  rqireaented  by  its  sum  of 
cell  voltages.  Abnormal  batteries  with  defects  such  as  short 
circuited  cells  or  reverse  cells  assembled  upside  down  (revrned 
polarity)  should  all  give  deviating  voltages  from  the  expected 
value.  The  precision  in  such  an  arudysis  is  dependent  on  the 
rqnoducibility  of  OCV  measurements  and  the  possibility  to 
p^orm  such  measurements.  The  thermal  batteries  have  a  voy 
high  internal  impedance  in  the  cold  state,  much  higher  than  many 
conventional  voltage  measuring  instruments.  The  latter 
circumstance  has  been  overcome  by  using  a  high  impedance 
voltmeter. 

The  analyzing  technique  is  to  divide  the  measurement  value 
with  the  OCV  cell  value  characteristic  for  couple  and  observe  the 
multiple  of  "active  cells*  in  the  battery.  This  value  should  be 
within  some  precision  to  the  expected  value  for  a  correct  battery. 
The  OCV  cell  value  is  assumed  to  be  determined  in  advance  for 
each  type  of  battery. 

A  battery  with  one  short-circuited  cell  will  show  one  cell 
voltage  multiple  less  than  a  normal  battery.  A  battery  with  a 
reversed  polarity  will  show  two  multiples  lower  than  expected  due 
to  its  counter  current  action. 

Battmies  with  other  defects  such  as  reduced  stack  pressure  or 
moisture  contamination  will  not  be  detected  by  OCV 
measurements. 

Figures  1  and  2  show  actual  measurements  with  correlation  to 
battery  type. 

Analysis  of  canadtance  measurements:  A  simple  modelling  of 
a  battery  with  a  high  electrolyte  resistance  such  as  an  inactivated 
thermal  battory  give  the  formulation  for  a  series  configuration 
ciq»citaiKe.  From  such  a  simple  formulatimi  it  can  be  deduced 
that  a  short  circuit  will  show  a  highm  value  than  for  the  standard 
battery.  The  measurement  precision  and  its  dqrendency  of  the 
number  of  cells  in  a  general  battery  gives  a  varying  precision 
from  case  to  case. 

The  potential  value  of  csqiacitance  measurements  is  its 
capability  to  follow  aging  processes.  Air  leakage  is  a  potential 
example  of  such  measurement  and  changes  smanating  from 
mechiuiical  disordos  due  to  long  time  exposures  to  vibrations 
causing  changes  in  the  stack  geometries. 


Aii«ly«i«  of  cnid  discharye  experiments:  Each  Stack  has  its 
own  signature  in  cold  discharge  eiqicrimcnts.  The  ventage 
observatk»s  for  such  experiments  are  very  much  dependent  on  the 
resistivity  of  the  cdl.  A  high  resistivity  gives  a  kw  voltage  in 
such  erqreriments.  Cdl  stacks  with  reduced  stack  pressure  are  also 
not  easily  detected  using  x-ray  tedmiques. 

An«ly««  nf  Hark  meMurwiientx;  At  the  present 

time,  mote  investigations  arc  necessary  in  order  to  avoid  foe 
drawbacks  of  slow  stabilization. 

An  analysing  algorithm  and  a  detailed  procedure  for  the  ENDT- 
TB  is  under  preparatkxi. 

Outcome  of  thf,  FNI?T-TB  tiatinf 

Figure  1  and  2  show  foe  cmrelation  of  the  OCV 
measuranents  at  +40‘C  and  -l-2rc  with  reqwet  to  foe  detects 
built  into  the  batterus.  The  statistical  control  lines  correspond  to 
<OCV>  ±  2  a  for  good  cells. 

Figure  1  shows  that  the  "reversed  cells*  are  cleariy  indicating 
deviations.  Stacks  with  built-in  shorts  are  not  corrda^  wdl.  It 
was  observed  later  on  foe  activated  discharge  curves  that  foe  built- 
in  short  circuited  cells  did  not  show  shorts  until  at  a  late  stage 
during  the  discharge.  In  foe  eariy  stage  of  discharge  these  cdls 
showed  normal  discharge  voltages.  The  conclusion  was  that  the 
l^qNurations  made  were  not  ideal  for  simulating  a  shorted  cell. 

Figure  3  shows  stack  apadtance  and  its  correlalion  to  detect 
types.  Capacitance  is  valuable  in  foe  detection  of  reduced  stack 
{Hessure  defeett.  The  detect  type  "reversed  cdls",  does  not  show 
deviations  from  foe  contitd  Unn.  This  was  as  erpected  from  the 
sim]^  c^Mcitance  model. 

Figure  4  shows  the  cold  discharge  pdarizatkm  correlated  to 
detect  type.  "Low-pressure*  ^pe  and  "reversed  cell*  types 
deviate  cleariy  from  the  main  population. 

"Moisture*  and  "Argon  back-filling*  have  not  in  any  case 
been  found  to  correlate  to  any  measurmnents. 

Table  1  below  shows  a  summary  of  the  ccHrelations  to  eadi 
detect  type  and  diagnostic  measurement  tedinique. 

Table  1;  Outcome  of  diagnostic  testing  of  thermal  batteries  with 
foe  ENDT-TB  method.  Y  is  an  applicable  and  N  is  not  an 
applicable  technique. 
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CoBCluaona 

The  diagnostic  measurements  with  the  ENDT'TB  mdhod  have 
enabled  the  detection  of  serious  Mures  such  as  reverse  assembled 
cells  and  reduced  stack  pressure.  For  environmental  defects  such 
as  mdsture  contamination  and  Argon  back-filling  the  ENDT-TB 
has  not  shown  to  be  detectable.  The  short-circuit  defects  woe  not 
detectable  and  are  most  probably  due  to  the  ptqMration  technique 
simulating  shorted  cells. 


The  ENDT-TB  method  has  shown  the  potential  to  complement 
or  rqilaoe  the  more  expensive  x-riy  method  for  detection  of 
manufocturing  defects. 

The  cold  aqiacitance  and  cold  discharge  techniques  have  the 
potential  for  use  in  determining  the  state-trf-health  batteries 
installed  in  long  term  weapon  environments. 

The  use  of  thermal  batteries  have  created  a  variety  of  battery 
designs.  In  txder  to  make  ENDT-TB  a  practical  method  it  is 
recommended  to  study  and  evaluate  various  configurations  such 
as  varying  internal  electrical  connections  for  stacks,  stacks  in 
series  and  in  parallell  or  of  various  stack  vdtages. 

For  the  inqrfementation  of  the  ENDT-TB  concqK  into  qaulity 
control  (QC),  accqitance  test  procedure  or  maintenance  routines 
it  is  recommended  to  design  a  test  station  to  initiate  an  off 
laboratory  eqwricnce  activity.  The  task  for  this  activity  should  be 
to  develop  a  practical  analyzer. 
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Introduction 

Measurement  of  bum  rate,  function  time,  and  output 
properties  of  components  utilizing  energetic  materials  are  of 
primary  importance  in  characterizing  not  only  the  reactions  of 
these  materials,  but  also  in  evaluating  the  effect  of  component 
design  changes.  High-speed  photography  at  rates  of  up  to 
20,000  images  per  second  was  used  to  measure  these  properties 
in  thermal  battoy  igniters  and  also  the  ignition  of  thermal  battery 
itself.  By  synchronizing  a  copper  vapor  laser  to  the  high-speed 
camera,  laser-illuminated  images  recorded  details  of  the 
performance  of  a  component  in  a  unique  fashion.  The  output 
characteristics  of  several  types  of  hermetically-sealed  igniters 
using  a  TiH,/KCI04  pyrot^nic  blend  were  measured  as  a 
function  of  the  particle  size  of  the  pyrotechnic  fuel  and  the 
closure  disc  thickness.  The  igniters  were  filmed  under  both 
ambient  (i.e.,  unconfined)  and  confined  conditions.  Recently, 
the  function  of  the  igniter  in  a  cut-away  section  of  a  *mock’ 
thermal  battery  has  been  filmed.  Partial  details  of  these  films  are 
discussed  in  this  paper,  and  selected  examples  of  the  films  will 
be  displayed  via  video  tape  during  the  presentation  of  the  paper. 

Experinmitel 

Two  compositions  of  the  pyrotechnic  blend,  either  33% 
TiH,/67%  KC10«  or  41%  TiH./  59%  KCIO4  by  weight,  were 
used  in  the  igniters.  Two  particle  sizes  of  the  TiH,,  designated 
as  coarse  and  fine,  were  also  used  in  the  pyrotechnic  blend.  The 
coarse  material  had  a  mean  diameter  of  8  microns  and  the  fine 
materia]  had  a  mean  diameter  of  3  microns.  The  igniters  were 
hot-wire  ignited  using  a  1-ohm  bridge  and  a  firing  current  of  3.S 
amps. 

The  experimental  configuration  used  to  record  the  high¬ 
speed  photographs  of  the  energetic  materials  and  components  is 
shown  in  Figure  1 .  The  beam  from  the  copper  vapor  laser  is 
compressed  by  a  spherical-cylindrical  lens  combination  to  form 
a  'laser  sheet*  that  passes  across  the  top  of  the  component.  The 
copper  vapor  laser  operates  at  a  pulse  repetition  rate  of  6  kHz, 
with  an  average  power  of  approximately  30  watts.  The  short 
pulse  width  of  the  laser,  about  30  nanoseconds,  provides 
illumination  for  unique  stop-action  photographs.  The  height  of 
the  laser  sheet  is  approximately  10  inches,  and  the  camera  is 
positioned  to  view  the  component  normal  to  the  plane  of  the  laser 
sheet. 

‘EG&G  Mound  Applied  Technologies  is  operated  for  the  U.  S. 
Dqiartment  of  Energy  under  Cfontraa  No.  DE-AC04- 
88DP4349S. 


HGURE 1 

HIGH  SPEED  FILMING  WITH  COPPER 
VAPOR  LASER  ILLUMINATION 


The  sheet  lighting  is  a  particularly  useful  technique  for 
filming  functioning  thmnal  battery  igniters.  As  the  igniter 
functions,  the  smoke,  particulates,  and  sometimes  tiie  closure 
disc  pass  through  vertically  through  the  laser  sheet.  Light 
scattering  from  foe  laser  sheet  is  recorded  by  foe  camera,  and 
effectively  views  foe  internal  structure  of  foe  flame.  The  high 
speed  camera  was  equipped  with  a  rotating  prism  designed  to 
record  two  images  per  frame  of  film.  Since  there  is  only  one 
trigger  pulse  to  foe  laser  for  each  frame  of  film,  each  frame 
records  bofo  a  laser-illuminated  image  and  a  nonlaser-illuminated 
image.  This  permits  a  ready  comparison  of  each  individual 
igniter,  and  illustrates  foe  extra  information  recorded  by  using 
foe  laser.  This  additional  information  would  be  lost  if  only  foe 
visible  light  generated  by  foe  igniter  were  used  to  record  foe 
details  of  foe  igniter  function. 

Additional  high  speed  filming  without  copper  vapor 
illumination  was  done  to  record  foe  functioning  of  foe  igniter  in 
a  'mock”  thermal  battery.  A  drawing  of  foe  'mock'  thermal 
battery  is  shown  in  Figure  2.  The  Fe/KCI04  heat  pdlets  in  foe 
stack  are  separated  by  stainless  steel  spacers.  The  heat  pellets 
contented  88%  Fe  and  12%  KCIO4,  and  were  pressed  to  SS%  of 
theoretical  density.  The  half-battery  stack  is  compressed  between 
graphite  blocks  machined  to  accept  foe  heat  pellets.  The  graphite 
blocks  are  placed  in  a  steel  frame  and  held  tightly  in  place  wifo 
a  0.2S-inch  foick  lexan*  top  and  front.  The  thermal  battery 
igniter  fires  down  through  the  'battery  center”  hole  defined  by 
foe  half  hole  in  foe  heat  pellet  and  foe  half  hole  in  foe  lexat/* 
front.  This  configuration  tqiproximates  foe  environment  that  foe 
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functioiiing  igniter  would  experience  in  an  actual  thermal  battery. 
The  high  speed  camera  was  placed  as  close  as  possible  to  the 
'mock'  battery,  and  with  the  aid  of  closeup  lenses,  high  speed 
films  at  6,000  images  per  second  were  taken  of  the  ignition 
process. 


FIGURE  2 

'MOCK'  THERMAL  BATTERY 


ResulU 

Many  thermal  battery  igniters  were  filmed  using  copper 
vapor  laser  illumination.  Perhaps  the  most  striking  of  these 
results  compares  identical  igniters  with  the  only  change  being  the 
particle  size  of  the  fuel  in  the  TiH,/KCI04  pyrotechnic  blend. 
Mound  currently  is  the  only  source  for  these  pyrotechnic  blends. 
Figures  3  and  4  are  representative  frames  from  the  high  speed 
film  of  two  igniters.  Frame  no.  7  was  selected  from  the  each 
high  speed  films,  and  represents  an  elapsed  time  of  1.2  msec 
after  closure  disc  rupture.  Figure  3  shows  the  output  of  the 
igniter  loaded  with  the  coarse  TiH,  fuel  and  Figure  4  shows  the 
same  type  of  igniter  loaded  the  fine  TiH,  fuel.  The  difference  is 
striking.  The  coarse  material  exhibits  a  large  number  of  hot 
particles  that  continue  to  bum  for  a  relatively  long  period  of  time 
(more  than  3  msec  after  closure  disc  rupture).  The  igniter  shown 
in  Figure  4,  however,  shows  mostly  burned  material  and 
essentially  no  hot  particles.  This  indicates  that  most  of  the  fuel 
was  consumed  prior  to  closure  disc  rupture.  The  bum  time  for 
this  igniter  is  only  about  1  msec. 


FIGURE  3 

COARSE  PARTICLE,  FRAME  7 


FIGURE  4 

FINE  PARTICLE,  FRAME  7 


The  function  of  these  igniters  in  a  thermal  battery,  and 
the  mechanism  by  which  they  ignite  the  battery  heat  pellets,  are 
of  fundamental  importance.  Results  from  the  ignition  of  the 
“mock"  battery  are  shown  in  Figure  5.  There  is  considerable 
illumination  from  the  igniter,  and  hot,  luminous  gas  can  be  seen 
propagating  between  the  heat  pellets.  A  detailed  frame-by-frame 
analysis  of  these  films  indicates  that  the  pellets  may  be  igniting 
by  the  hot  gas.  In  order  to  more  accurately  evaluate  this 
hypothesis,  the  photography  must  be  done  at  greater 
magnification.  The  relative  impact  of  hot  gases  versus  hot 
particles  on  heat  pellet  ignition  would  further  be  elucidated  by 
recording  experiments  using  appropriate  igniters  to  provide  the 
desired  output  characteristics. 
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FIGURE  5 

SINGLE  FRAME  FROM  HIGH  SPEED 
FILM  OF  "MOCK"  BATTERY 


Conclusion 

Considerable  characterization  can  be  obtained  by  the  high 
speed  filming  of  the  functioning  of  thermal  battery  igniters. 
Details  of  the  igniter  function  including  particle  velocity,  amount 
of  hot  particles  produced,  function  time,  extent  of  combustion 
prior  to  closure  disc  rupture,  and  the  effect  of  closure  disc 
thickness  can  be  recorded.  Examples  of  this  type  of  information 
cannot  be  shown  adequately  in  the  few  figures  in  this  psqier,  but 
are  more  readily  illustrated  by  the  video  tape  that  accompanied 
this  paper. 

The  effectiveness  of  the  high  speed  filming  technique  for 
detailing  the  functioning  of  thermal  battery  igniters  arid  the 
subsequent  ignition  of  the  thermal  battery  heat  pellets  is  evident. 
Clearly,  more  filming  under  a  higher  magnification,  and  with 
different  igniters,  is  required  to  determine  whether  the  heat  pellet 
is  ignited  by  hot  particles  or  by  the  hot  luminous  gas  produced 
by  the  igniter. 
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Introduction 

Thennal  batteries  are  eaetgy  storage  devices  which  are  oftm 
presumed  not  to  age  under  normal  ambient  storage  conditions 
because  they  are  (1)  considered  to  be  hermetically  sealed  and  (2) 
contain  solid  electrolytes  which  are  of  very  low  conductivity  at 
ambiem  temperatures.  Thus,  Tipper  and  Yalom'  state  that  among 
their  advantages  over  other  primary  batteries  are  shelf  lives  of  10 
to  20yr.  However,  cell  level  studies  at  Sandia  National  Labs^  have 
shown  that  exposure  to  moist  air  contamination  equal  to  an  arradic 
weight  gain  of  only  4%  is  sufficient  to  lead  to  cell  failure  on  test, 
characterized  by  (1)  higher  than  normal  peak  voltage  at  activation 
and  (2)  shorter  than  normal  life  during  discharge.  Recent  work  at 
NAVSURFWARCENDiv  CtatK  has  indicated  that  a  combination  of 
thermal  and  mass  tran^rt  conditions  simulate  teal  storage  aging 
effects.  Natural  internal  chemical  degradation  processes  such  as 
auto-oxidation  of  heat  pellets  and  aiKxUc  reactions  with  entraf^ied 
oxygen  and  nitrogen  in  the  presence  of  catalytic  moisture  liben^ 
by  mica  insulators  and  separator  materials  occur  more  rrqiidly  at 
elevated  temperatures  (up  to  180F),  leading  to  loss  of  iqKscification 
capacity  at  younger  tluui  expected  shelf  ages. 

Of  greater  significance,  though,  is  reaction  with  ambient  air 
which  may  leak  into  the  battery.  Two  questions  arise  with  reflect 
to  loss  of  ciqncity  in  this  case.  First,  how  much  reactive  moist  air 
must  be  tal^  up  to  produce  a  significant  decrease  in  capacity. 
Second,  on  which  components  in  the  battery  is  the  leaked  moist  air 
having  its  greatest  imi^. 

At  NAVSURFWARCENDIV  Ctane,  studies  were  initiated  to  deter¬ 
mine  at  what  level  of  weight  gain  due  to  absorbed  moist  air  a  class 
of  thermal  batteries  with  lithium-silicon  alloy  anodes  and  iron 
disulfide  cathodes  would  begin  to  fail  the  ^lecification  requirement 
for  capacity.  Then,  dissected  cells  at  the  same  weight  gains  were 
submitted  to  material  analysis  to  determine  which  components 
(anode,  cathode,  electrolyte,  heat  pellets)  suffered  the  most 
d^radation  due  to  absorbed  moist  air. 

The  final  evaluation  utilizes  a  mathematical  model  based  on 
leak  rates  to  predict  how  many  years  are  required  to  get  the  weight 
gain  necessary  for  a  thermal  battery  to  be  regarded  as  no  longer 
reliidrle,  i.e.,  likely  to  fail  ciqpacity  specifications.  This  then 
becomes  the  accepted  shelf  life. 

Experimental 

In  order  to  investigate  the  aging  effects  of  a  leak  of  moist  idr 
on  thermal  batteries  on  a  reasonable  time  scale,  the  process  is  arti¬ 
ficially  qieeded  by  drilling  the  case  at  the  top  edge  with  a  3/32in 
hole,  and  enclosing  the  battery  in  a  temperature/humidity  chamber 
with  moist  air  at  80C  until  a  qiecific  weight  gain  has  occurred. 


The  gains  studied  were  2,  4,  6,  and  8%  of  the  total  anode  weigltt 
(since  the  most  active  getter  in  the  battery  was  eiqiected  to  be  the 
anode,  based  on  the  Sandia’  studies).  a  desired  weight  gain 
was  achieved,  the  battery  was  reseated  with  a  high  vacuum  epoxy 
lesin  and  function  tested  for  lequirement  failure. 

To  then  evaluate  the  effects  of  the  reactant  gases  on  the 
principal  battery  components,  a  new  battery  which  had  been  sub¬ 
jected  to  the  largest  weight  gain,  8%,  was  dissected  in  a  dryroom 
at  the  conclusion  of  the  weight  gain  and  the  components  were 
transferred  immediately  to  the  selected  instruments  for  analysis. 
The  analytical  methods  chosen  included  x-ray  diffraction  (XW), 
ranission  spectroscopy  (ES),  and  x-ray  photoetectron  qiectroscopy 
(XPS).  In  addition,  individual  components  were  vacuum  baked  to 
determine  moisture  content,  and  bomb  calorimetry  (BC)  was  per¬ 
formed  on  heat  pellets  to  determine  potential  loss  of  calorific 
ouq>ut. 

Results  and  Discussion 

A  sample  of  insulating  disks,  wrap,  and  t^  were  weighed 
individually  on  an  analytical  balance  to  O.lmg  precision,  vacuum 
baked  at  220F  and  lO'Horr  for  48hr,  and  then  reweighed.  In  com¬ 
parison  to  their  initial  weight  before  baking,  there  was  no  signif¬ 
icant  weight  change.  A  similar  experiment,  conducted  on  electro¬ 
lyte  samples,  yielded  similar  results.  The  heat  pellets  were  burned 
in  a  bomb  calorimeter  and  the  data  compared  to  fresh  heat  powder 
data;  no  significant  change  in  calorific  output  was  observed.  Since 
the  cathode  material  is  even  less  likely  to  getter  any  of  the  reactive 
gases  than  those  components  already  mentioned,  it  was  not  evalu¬ 
ated  by  vacuum  baking. 

Samples  of  electrolyte  wafers  from  the  top  and  bottom  of  the 
cell  stack  were  analyzed  by  ES;  the  major  elements  found  were  Li, 
Mg,  and  Ca.  Examination  by  XRD  showed  MgO,  LiF,  and  LiBr. 
No  significant  difference  in  diffraction  patterns  for  wafers  fimn  the 
tqp  and  bottom  of  the  cell  stack  was  ^served.  No  evidence  for 
significant  amounts  of  hydrated  salts  was  found. 

Thus,  it  seemed  likely  that  the  princqxd  absorption  of  reactive 
gases  would  be  through  chemical  reaction  with  the  lithium  anodes. 
Examination  of  the  anodes  by  XPS  with  depth  profiles  (DF)  was 
performed  because  two  questions  were  important:  (1)  to  what 
extent  were  the  contaminants  ^read  over  the  anode  surface,  and 
(2)  to  what  dqHh  did  the  contaminants  penetrate  the  anode. 

In  the  XPS  experiments,  the  surface  edge  of  the  bottom  disk 
was  examined  first.  A  sector  l.Smm  in  from  the  edge  was  chosen 
which  had  a  slight  purple-red  cast;  a  survey  qrectrum  (Fig.  1) 
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showed  strong  oxygen  and  caibon  peaks,  and  a  weak  nitrogen 
peak,  typical  of  surface  contamination  from  esqtosing  the  sample 
to  ambimt  air.  When  this  r^km  was  ottered  with  argon  ions 
for  lOmin  at  2min  intervals,  the  caibon  quickly  disappeared  while 
oxygen  and  lithium  contents  rose  (Fig.  2).  As  sputtering  was 
continued,  the  percentage  of  Li,  O,  and  Si  changed  as  shown  in 
Figs.  3-S.  The  continued  detection  of  oxygen  during  qxittering, 
to  an  eventual  depth  of  l.S'2.SxlO'A  (0.06-0. lOmil)  in  Fig.  3  is 
most  likely  an  ed^  effect  in  the  sampling  technique,  so  the  dq)th 
probe  was  probably  seeing  essentially  pure  alloy  beyond  a  depth 
of  -  SxlO’A  (0.02mil).  Also  it  is  noted  in  Figs.  4  and  S  that  the 
alloy  composition  is  heterogeneous,  as  shown  by  the  erratic  data 
values  for  Li  and  Si.  Finally,  during  qxittering  it  was  observed 
that  each  time  the  sample  was  allowed  to  rest  between  sputter 
intervals  for  more  than  10-lSmin,  the  0-peak  recovered  to  two 
well-defmed  peaks.  The  lower  binding  energy  peak  (attributed  to 
oxide-0)  gradually  became  more  intense  with  depth  than  the  higher 
(attributed  to  hydroxide-0),  and  in  Fig.  6  is  presented  a  montage 
of  O-peaks  to  exhibit  the  gradual  shift  from  hydroxide  to  oxide 
oxygen  with  increasing  depth.  In  this  figure,  plot  244-2  shows  one 
predominant  peak  for  an  early  dq)th  profile  prior  to  sputtering 
while  244-8  is  after  30min  sputter.  Then  246-2  shows  the  oxygen 
peak  recovery  prior  to  the  next  sputter  interval,  after  the  sample 
had  rested,  exhibits  two  peaks  with  the  higher  energy  peak  the 
larger.  After  substantially  more  sputtering,  256-2  shows  the 
oxygen  recovery  with  a  sl^  in  percentage  to  the  lower  energy 
peak  (oxide-O),  and  256-8  shows  the  O-peak  at  the  end  of  this 
sputter  period. 

The  next  position  on  the  sample  examined  was  5.5mm  in  from 
the  outer  edge.  In  Fig.  7  is  a  plot  of  oxygen  content,  where  it  is 
observed  that  the  %0  starts  at  a  substantMy  lower  value,  decrea¬ 
ses  mote  rapidly  with  depth,  and  levels  out  at  a  somewhat  lower 
value  than  for  the  1.5mm  position  in  Fig.  3.  The  DP  for  this 
sample  was  taken  to  about  4.5xlO*A  (0.2mil),  and  the  same  erratic 
composition  values  for  Li  and  Si  were  still  observed,  indicating 
continuing  inhomogeneity. 


Conclusions 

The  minimum  weight  gain  from  moist  air  which  causes  a 
lithium  silicon/iron  disulfide  thermal  battery  to  fail  its  capacity 
requirement  rqrpears  to  be  about  4%.  This  percentage  of  weight 
gain  is  dependent  on  the  load  profile  and  extra  aqracity  built  into 
the  battery,  and  is  consistent  with  a  worst  case  percmitage 
(minimum  amount  of  weight  gain  allowable).  Batteries  which  had 
a  2%  weight  increase  still  met  this  specification. 

No  effects  of  exposure  to  moist  air  of  any  significance  were 
found  for  any  of  the  components  of  the  thermal  batteries  except  the 
anodes,  in  the  comparisons  as  described  in  the  Results  section 
above.  The  arrade  degradation  by  moist  air  was  most  pronounced 
at  the  outer  edges  and  decreased  rapidly  toward  the  center  of  the 
plate  surface.  The  depth  of  penetration  af^reared  to  fall  off  rsqridly 
with  distance  from  tte  edge.  It  was  also  noted  that  the  anodes 
closest  to  the  drilled  hole  exhibited  an  irridescent  coloration  across 
the  atKxle  surface.  This  phenomenon  decreased  in  intensity  as  one 
proceeded  from  the  plate  nearest  the  hole  to  the  plate  furthest 
away. 

The  anode  alloy  samples  were  found  to  be  heterogeneous  in 
composition  for  Li  and  Si.  Also,  substantial  mobility  of  contam¬ 
inating  reactants  was  noted  for  freshly  exposed  alloy  surface,  indi¬ 
cating  that  the  reactive  agents  can  be  passed  across  the  surface  of 
the  anode  readily  as  soon  as  fresh  surface  is  available.  From  these 


observatkms  it  is  concluded  that  the  entire  anode  surface  is  quickly 
covered  with  an  oxide/nitride  film  while  penetration  into  the  anode 
occurs  more  slowly  and  primarily  at  the  outer  edge  ctf  the  disks. 
Evidently  the  loss  of  4%  of  the  anode  by  weagfat  is  sufficient  to 
cause  the  battery  to  M  its  cs)>acity  requirmeat. 
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Introduction 

In  almost  all  thermal  batteries  either  the  heat 
source  Itself  or  the  ignition  transfer  system  is  made 
of  zirconium  metal  powder  as  fuel,  brium  cremate  as 
oxidizer  and  asbstos  as  a  support. 

During  the  production  process,  these  powdered 
components  are  dispersed  in  water.  The  particles  in 
the  dispersion  collide,  and  tend  to  aggregate.  The 
suspension  is  filtered,  and  sheets  of  a  mixed,  paper- 
like  material,  which  can  be  used  as  a  heat  source, 
result  from  this  process.  The  aim  of  this  study  was 
to  characterize  the  mechanism  of  the  coagulation 
process  taking  place  in  this  heterogeneous  system. 
The  research  program  has  been  divided  into  two  parts. 
The  first  part  deals  with  some  electrochemical 
interface  characteristics  for  each  of  the  components 
Involved.  In  the  second  part,  the  interaction  between 
heterogeneous  particles  is  studied.  Defining  the  main 
parameters  of  this  process  may  lead  eventually  to  the 
replacement  of  the  existing  system. 

Inter-particle  forces 


Experimental  Methods 

Data  on  the  powdered  materials  used  in  this  work 
are  shown  in  Table  I. 

Table  I 


Data  of  the  powders  used  in  this  experiment 


Powder 

Grade 

Surface  area 

(sq.m./gr) 

Barium  Chromate 

ALFA 

3.05 

Zirconium 

ALFA 

0.23 

Asbestos 

Chrysotile 

11.3 

Dispersions  of  these  powders  (2  wtZ  in  0.002H 
KNO;,  solution  (unless  otherwise  specified)  were 
prepared  using  freshly  distilled  water  in  air-tight 
containers.  An  ultrasonic  processor  was  then  used  to 
deflocculate  the  dispersions.  The  pH  of  the  dispersion 
was  adjusted  by  adding  HNO;,  or  KOH. 


In  a  dispersion  of  fine  particles  in  a  liquid, 
frequent  collisions  between  particles  occur.  Whether 
such  Interactions  result  in  a  permament  contact  or 
whether  the  particles  rebound  and  stay  free  is 
determined  by  the  forces  between  them.  According  to 
the  DLVO  theory  two  types  of  forces  are  usually 
considered:  Van  der  Waals  attraction  forces  and  the 
double- layer  electrostatic  repulsion  force.  The  zeta 
potential  which  is  the  electrical  potential  at  the 
slip  plan  between  particles  and  medium  can  be 
considered  as  the  potential  determining  the  magnitude 
of  the  electrostatic  force.  Zeta  potential  becomes 
zero  at  the  Iso  Electric  Point  (l.e.p.)  which  Is  the 
concentration  of  the  Potential  Determining  Ions 
(p.d.i.)  at  which  the  number  of  the  positive  charges 
on  the  surface  equals  the  number  of  the  negative 
ones. 

In  addition,  steric  effects  and  surface 
reactions  may  play  an  important  role  in  such  a 
process  and  affect  the  stability  of  the  dispersion. 


The  total  energy  approximation  for  the 
interaction  energy  of  two  different  spheres  of  radii 
a,  and  az,  surface  potentials  and  with 
a  distance  H  between  their  surface,  can  be  written 
as: 


V 


+  £5f  ) 

12H  4  '  ^ 


The  zeta  potential  was  determined  by  microscopic, 
electrophoretic  lability  measurement  method,  using  a 
ZETAHETER  apparatus  with  a  flat  cell  10X2  mm  and  a 
voltage  of  10  V/cm.  The  l.e.p.  was  determinated  by 
running  two  sets  of  experiments.  In  the  first  set,  a 
number  of  measurements  at  different  p.d.i, 
concentrations  (in  a  0.002N  KNO.^  solution)  has  been 
done,  and  a  curve  of  the  zeta  potential  vs 
concentration  has  been  plotted.  In  the  second  set,  the 
same  dispersion  was  prepared  using  O.OIM  KNO^ 
solution.  l.e.p.  is  the  point  were  the  two  curves 
intersect  at  the  point  of  zero  iix>bllity. 

Results  and  discussion 


The  case  of  Barium  Chromate 


The  Interfacial  electrostatic  chemistry  of  the 
system  BaCrO./ solution  Involves  various  types  of 
surface  species.  Each  of  them  can  react  according  to 
the  following  set  of  reactions: 

CrO,  *  .  H*  «  HCrO,- 


IlCrO,'*  H*  -  H,CrO, 


Cr,0,'  -►  H,0  .  2HCrO; 
and  in  basic  solution: 


a  =  iULli- 

ai  +  32 


CrjOj  ♦  OH  ■  »  HCrO,*  +  CrO/ 


where  A,  the  net  Hamaker  constant  for  materials  1  and 
2  in  mdiurn  3;  c  is  the  dielectric  constant  of  the 
medium.  The  repulsion  function  for  the  case  of 
constant  potential  is  given  by: 


/  “  In 


l-texp(-Kff) 

l-exp(-KW) 


HCrO,'  +  OH'  .  CrO,'  ♦  H,0 

Most  of  the  reactions  taking  place  at  the  surface 
involve  adsorption  of  proton,  and  that  is  why  protons 
have  also  to  be  considered  as  p.d.i. 's  (in  addition  to 
barium  and  the  chromate  ions). 

The  dependence  of  the  zeta  potential  of  BaCrO« 
on  the  pH  of  the  solution  Is  described  in  figure  1: 
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As  shown,  tlie  seta  potantlal  Is  negativo  over  a 
wide  range  of  pH.  The  i.e.p.  la  found  to  be  at  pH 
value  of  4.  Based  on  the  equlllbrlua  constants  of  all 
the  above  given  reactions,  the  concentration  of 
barluM  and  chroawte  species  in  the  solution  can  be 
deterHined  for  each  pH  value.  At  the  I.e.p.  the 
concentration  of  the  bariua  Ion  is  about  A*10'*H 
which  corresponds  to  a  chroaate  concentration  of 
about  6'10''M. 


Figure  1.  Zeta  Potential  of  BaCrOA  vs.  pH 

At  pH  values  above  5,  the  zeta  potential  resialns 
approximately  constant.  It  is  assumed  that  there  is 
no  specific  adsorption  of  hydrogen,  hydroxyl  or 
HCrO*"  ions. 

As  all  solutions  are  saturated  with  BaCrO*, 
the  concentration  of  the  barium  ion  can  be  calculated 
for  every  pH  value.  Accordingly,  figure  1  can  be 
redrawn  again  as  zeta  potential  vs  pEBa**!.  This 
can  be  compared  with  a  second  experimental  set  in 
which  the  zeta  potential  of  BaCrO«  is  measured  at  a 
constant  pH  value  of  4.5  (the  concentration  of  p.d.i. 
in  the  second  set  of  experiments  is  changed  by  adding 
K^CrO*  or  BavNO^)^  to  the  solution). 

As  can  be  seen  in  figure  No  2,  the  zeta 
potential  at  constant  pH  is  found  to  be  negative  over 
a  wider  range  of  barium  concentrations.  The  i.e.p.  is 
found  at  the  p[Ba'^“]  value  of  2.2  which  corresponds 
to  a  barium  concentration  of  about  6'10”^M  or 
chromate  concentration  of  4'10'"M. 


Figure  2.  Zeta  potential  of  BaCrO*  vs  barium 
concentration. 


The  above  described  results  are  quite  different 
from  those  of  the  previous  experiment,  wherein  the  pH 
of  the  solution  has  been  varied.  The  difference 
between  the  behaviour  of  the  zeta  potential  at 
constant  pH  and  at  variable  pH  can  not  be  related  to 
the  specific  adsorptin  of  hydrogen/hydroxyl  ion  nor  to 
the  specific  adsorption  of  bichroute  ion.  Let  us 
examine  the  role  of  the  dichromate  ion 
(Cr^tOy"*)  in  this  system. 

Figure  3  describes  the  chromate/dichromate 
concentration  ratio.  As  shown  in  Figure  3,  the 
concentration  of  dichromate  at  pH  values  above  4.5  is 
negligible.  At  pH  values  under  4.5  a  significant 
amount  of  chromate  ion  are  converted  into  dichromate. 


Figure  3.  Chromate/dichromate  concentration 
ratio  vs.  pH 


In  contrast  to  all  others  species  in  the  solution, 
dichromate  can  penetrate  into  the  surface  of  the 
BaCrO*  crystal  lattice.  At  the  same  time,  the 
dicromate  species  in  the  solution  has  to  be  in 
equilibrium  with  the  dichromate  available  in  the 
crystal  lattice.  As  the  pH  of  the  solution  decreases 
below  4.5,  and  the  solution  is  enriched  in  dichromate 
ions,  the  concentration  of  these  ions  at  the 
crystalline  surface  must  also  increase.  The  change  in 
surface  structure  seems  to  be  the  reason  behind  the 
change  in  the  i.e.p. 

The  zeta  potential  of  zirconium 

Zeta  potential  of  the  zirconium  dispersion  has 
been  measured  over  a  wide  range  of  pH.  As  shown  in 
figure  4,  zero  electromobility  (i.e.p.)  is  found  at  pH 
4.5. 


Figure  4.  Zeta  ptential  of  colloidal 
zirconium  in  0.002M  KNO-, 

The  zeta  potential  is  found  to  be  negative  over 
all  the  pH  range  in  the  presence  of  the  Cr04  *  ion. 
We  assumed  that  there  is  a  specific  adsorption  of 
chromate  ion  on  the  surface  of  the  zirconium 
particles. 
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The  Water/Asbestos  Dispersions 

When  asbestos  Is  dispersed  In  water .  soae 
complex  physical  and  chemical  reactions  take  place. 
For  example,  when  chrysotile  asbestos  is  dispersed  in 
distilled  water,  the  increase  in  pH  and  the 
concentration  of  dissociated  ions  released  continues 
to  grow  over  a  period  of  days.  Magnesium  Is  the  main 
ion  released.  This  process  can  explain  why  the  zeta 
potential  of  freshly  prepared  asbestos  dispersion  is 
over  -tSOmV  wliile  the  zeta  potential  of  washed 
asbestos  is  negative.  During  the  production  of  heat 
sources  based  on  asbestos,  there  is  always  a  stage  of 
disintegration  Involving  intensive  mixing.  During 
this  stage,  the  dissociation  rate  Increases  and 
positive  zeta  potential  is  assumed. 

Interparticle  interaction  energy 
Zr-Zr  iiiterparticle  interaction  energy 

When  a  dispersion  of  zirconium,  barium  chromate 
and  asbestos  is  prepared,  three  types  of 
interparticle  interactions  may  occur:  Interaction 
between  two  identical  particles  (i.e.  two  zirconium 
particles),  interaction  between  two  different 
particles  (i.e.  a  zirconium  particle  with  a  barium 
chromate  one)  and  an  agreggate  containing  a  mixture 
of  two  which  interacts  with  the  third  one.  A 
microscopic  inspection  proves  that  all  possible 
Interparticle  interactions  occur,  leading  to 
coagulation.  The  only  exception  is  that  no  aggregate 
of  zirconium  particles  has  been  found.  In  this 
section  we  shall  discuss  the  condition  for  hetero¬ 
coagulation  of  dissimilar  dispersions,  based  on  the 
zeta  potential  measurements. 

Figure  5  describes  the  Interparticle  interaction 
energy  of  two  Identical  zirconium  particles  having 
l.lu  in  diameter,  dispersed  in  a  0.002H  neutral 
KNO;,  solution.  The  heavy  solid  line  in  the  figure 
is  the  total  interaction  energy  which  is  the  sum  of 
the  Van  der  Waals  attraction  force  (the  dashed  line) 
and  the  electrostatic  repulsion  force  (upper  solid 
line) . 


Figure  5.  Zr  -  Zr  interaction  vs  distance 

As  shown  in  Figure  5,  a  high  energy  barrier 
exists  at  a  distance  of  about  lOnm,  which  prevents 
rapid  coagulation  (the  dispersion  is  stable).  In  the 
same  way  the  Interaction  energy  of  particles  has  been 
calculated  for  zirconium  dispersions  in  solutions 
having  different  pH  values  in  the  range  3. 5-8. 5. 


We  found  that  in  the  basic  pH  range  and  in  the  pH 
range  below  4,  there  is  a  high  energy  barrier  that 
prevents  the  coagulation  procces.  Fast  coagulation  is 
expected  in  the  pH  range  4-7. 

To  prove  the  above  prediction,  experiments  have 
been  conducted  in  which  dispersion  of  zirconium  were 
prepared  with  pH  ranging  from  3  to  9.  For  each 
dispersion,  sedimentation  time  has  been  measured.  It 
has  been  found  that  in  the  pH  range  of  4-6.5 
sedimentaton  was  fast  while  outside  this  range 
sedimentaton  was  2  to  5  times  slower. 

The  interaction  energy  between  zirconium 
particles  in  a  solution  saturated  with  barium  chromate 
species  is  of  special  interest.  In  the  basic  pH  range, 
the  energy  barrier  remains.  In  the  lower  pH  range,  due 
to  specific  adsorption  of  chromate  ion  to  the 
zirconium  surface,  the  barrier  is  lowered  and  rapid 
coagulation  occurs. 

Chromate  -  Zirconium  interaction 

Figure  6  describes  the  Interparticle  Interaction 
energy  between  a  BaCrO.  particle  and  a  zirconium  one 
in  pH  7.  It  can  be  seen  that  a  high  energy  barrier 
exists  preventing  a  permanent  contact.  Yet,  before  the 
barrier,  a  secondary  local  minimum  exists  so  that 
unstable  floes  can  be  formed. 


Figure  6.  Zr  -  BaCrO*  interaction  (pH~7) 


Calculating  the  interaction  energy  over  the 
entire  pH  range  shows  that  there  are  no  barriers  in 
the  lower  pH  range,  and  flocculation  is  expected  in 
the  basic  range.  It  is  also  found  that  there  are  no 
barriers  when  two  identical  BaCrO^  particles 
interact. 

Conclusions 

The  mechanism  of  the  heterocoagulation  process 
taking  place  during  the  production  of 
zirconium/BaCrOA/asbestos  can  be  understood  on  the 
basis  of  DLVO  theory. 

It  has  been  found  in  the  case  of  a  dispersion 
containing  Zirconium  and  BaCrO*  particles  that  in 
the  pH  range  of  5.5  and  below  there  is  no  energetic 
barrier  which  can  prevent  the  coagulation  of  various 
combination  of  particles  present  in  the  mixture.  In 
such  a  case  the  composition  of  the  aggregates  is 
determined  statistically,  by  the  number  of  collisions 
between  the  particles  which  in  turn  is  determined  by 
the  composition  of  the  dispersion.  In  the  basic  pH 
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range  of  such  a  dispersion,  an  energy  barrier  that 
prevents  a  peraanent  contact  between  two  identical 
zirconium  particles  exists.  Another  barrier  is  also 
found  in  the  collision  between  zirconium  and  BaCrO^ 
particles.  A  local  minimum  in  the  energetic  barrier 
enables  the  heterocoagulation. 

In  the  case  of  zirconium-BaCrO«-asbestos 
dispersion,  under  intensive  mixing  the  pH  is  high  and 
the  zeta  potential  of  the  fibers  is  positive.  When 
negatively  charged  zirconium  or  BaCrO^  particles 
penetrate  the  asbestos  gel,  they  are  imediately 
bound  to  the  fibers.  But,  unlike  the  BaCrO^ 
particles,  the  zirconium  particles  prevent  other 
identical  particle  from  binding  to  each  other  because 
of  the  high  energy  barrier.  Indeed,  microscopic 
inspection  has  provided  evidence  of  the  presence  of 
aggregates  made  of  asbestos  fibers  and  chromate 
particles,  asbestos  fibers  with  zirconium-chromate 
mixture  and  even  fibres  with  a  single  zirconium 
particle  with  no  zirconium  aggregate. 
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Abstract 

This  paper  describes  a  feasibility  study  on  materials  for  a 
medium-temperature  (200-360‘’C)  reserve  primary  cell  concept, 
whose  activation  is  similar  to  that  of  thermal  batteries  in  that  an 
electrolyte  which  was  solid  under  storage  conditions  would  be 
melted  to  activate  a  battery.  The  aim  is  a  reserve  battery  of 
high  energy  density  running  at  medium-temperature  and 
capable  of  sustaining  a  current  load  of  about  50mA/cm^. 
Electrolytes  studied  were  LiN  (CF3S02)2  and  LiN  {CF3S02)2- 
LiN03-LiCF3S03.  Thermal  analysis  and  resistance 
measurements  have  shown  that  imide  -  based  electrolytes  were 
stable  and  capable  of  sustaining  reasonable  current  densities. 
The  anode  was  lithium-aluminium  alloy  and  potential  cathodes 
included  lithiated  vanadium  oxide  (LVO)  and  manganese 
dioxide. 

Single-cell  test  results  on  the  combination  LiAl  /  imide  -  nitrate 
-  triflate  -  MgO  \  MnOg  show  a  capacity  of  626  coulombs/g 
Mn02  at  a  current  density  of  25mA/cm2  at  275°C.  This  is 
equivalent  to  a  specific  energy  of  540  Wh/Kg  Mn02  of  active 
cell  component  to  0  volts  versus  20%  lithium-aluminium  alloy. 

1.  INTRODUCTION 

In  the  last  1 5  years  we  have  seen  a  growing  effort  from  several 
research  groups  [1-5]  aimed  at  investigating  thermally  activated 
cells  which  utilize  electrolytes  that  melt  at  medium  temperatures. 
Nitrate  -  based  cells  appear  to  have  been  widely  studied 
because  of  their  high  conductivity  (2.1  x  10'^  ohm'^  cm’’). 
However,  electrolytes  containing  lithium  trifluoromethane 
sulphonimide  have  been  exclusively  examined  for  use  in 
ambient  temperature  lithium  rechargeable  cells  as  a  dissolved 
salt  in  the  electrolyte  for  liquid  electrolyte  batteries  and  for  all¬ 
solid-state  polymer  batteries  [6-8].  From  the  latter  investigations, 
it  was  concluded  that  imide  -  based  electrolytes  offer 
improvement  in  the  electrochemical  and  chemical  stability  for 
rechargeable  and  primary  lithium  batteries.  Because  of  their 
high  conductivity  in  the  molten  state  and  their  thermal  stability, 
imide  -  based  electrolytes  have  been  examined  in  this  work  for 
use  in  medium  temperature  reserve  batteries.  Possible 
applications  for  such  batteries  were  not  rigidly  defined  at  the 
start  of  this  investigation  but,  if  successful,  this  battery  was  seen 
as  a  possible  competitor  to  some  designs  of  lithium  ambient 
temperature  reserve  batteries.  The  perceived  advantage  of  the 
proposed  battery  over  the  present  reserve  batteries  would  be 
that  the  electrolyte  would  be  in-situ  between  the  electrodes  ready 
to  be  activated  and  would  not  require  physical  displacement 
from  a  storage  container  by  action  of  gas  pressure  or  bellows. 
The  proposed  battery  could  therefore  have  a  higher  specific 
energy  and  /  or  power  density  than  the  present  types. 


Information  on  the  transport  properties  of  electrolytes,  such  as 
stability,  viscosity,  resistivity  and  dielectric  constant  are  of 
paramount  importance  during  the  development  of  both  primary 
and  rechargeable  systems.  Thus,  the  aim  of  this  study  is  to 
investigate  the  effective  resistance  of  all  -  lithium  salt  electrolytes 
such  as  lithium  trifluoromethanesulphonimide  (LiN(CF3S02)2)  - 
lithium  nitrate  (LiN03)  -  lithium  trifluoromethanesulphonate 
(LiCFgSOj)  and  to  compare  results  obtained  with  neat  lithium 
trifluoromethanesulphonimide.  The  thermal  stability  and 
discharge  characteristics  of  these  are  also  discussed. 

2.  EXPERIMENTAL 

2.1  Chemicals 

The  lithium  trifluoromethansulphonimide  (“imide”)  was  a  gift  from 
3M  (United  Kingdom  pic);  the  lithium  trifluoromethanesulphonate 
(“triflate”)  and  LVO  [9]  were  synthesised  at  DRA,  Famborough. 
All  other  materials  were  bought  from  Aldrich  Chemical  Co. 

2.2  Thermal  Analysis 

Thermal  analyses  were  carried  out  using  combined 
thermogravimetric  analysis  (TGA)  and  differential  thermal 
analysis  (DTA).  The  heating  rate  was  10“C  per  minute  and 
samples  were  heated  in  a  helium  atmosphere.  The 
thermogravimetric  balance  used  was  a  Stanton  Redcroft 
STAIOOO.  The  results  are  shown  in  figures  1  to  3. 

2.3  Measurements  of  the  resistance  of  electrolytes 

The  effective  resistances  of  electrolyte  pellets  were  measured 
in  the  single  cell  tester,  in  an  argon  atmosphere.  The  single  cell 
tester  has  been  described  previously  [1 0].  All  electrolyte  mixtures 
were  pre-fused  in  the  same  atmosphere.  Two  300  mg  pellets 
of  19.9%  lithium-aluminium  alloy  were  used  to  form  a  sandwich, 
with  the  electrolyte  pellet  (300  mg)  between  them.  These  three 
pellets  were  put  between  flat  iron  current  collectors,  which  were 
held  between  mica  insulators  and  were  heated  to  the  required 
temperature.  Currents  were  passed,  and  the  voltages  required 
to  drive  the  currents  through  the  pellets  were  recorded.  From 
the  currents  and  voltages  the  effective  resistances  were 
calculated.  These  resistances  included  not  only  the  resistance 
of  electrolyte,  but  also  those  of  the  two  lithium-alloy  pellets,  the 
current  collectors,  and  the  two  anode  -electrolyte  interfacial 
resistances.  These  effective  resistances  are  shown  in  table  1 
and  discussed  in  section  3. 

2.4  Preparation  of  pellets  for  electrical  discharge 

The  preparation  of  pellets  for  electrical  discharges  has  already 
been  described  [5].  The  electrolytes  used  in  each  test  consisted 
of  neat  imide  LiN(CF3S02)2  or  a  90:5:5  mixture  of  the  lithium 
salts  lithium  trifluoromethanesulphonimide  -  trifluoromethane  - 
sulphonate  -  nitrate.  Electrolytes  were  immobilised  on  30% 
magnesium  oxide.  A  lithium  -  aluminium  alloy  containing  1 9.9% 
lithium  obtained  from  Lithco  was  sieved  to  a  particle  size  <212 
microns  and  used  as  anode.  The  temperature  and  currents  at 
which  discharges  were  carried  out  are  shown  in  the  individual 
discharge  diagrams  (figures  4  to  6)  and  discharge  results  are 
summarised  in  table  2. 
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3.  RESULTS  AND  DISCUSSION 


4.  CONCLUSION 


3.1  Effective  Resistance  and  Stability  of  Electrolytes 

Table  1  summarises  the  result  of  the  resistivity  measurements, 
whilst  figures  1  to  3  show  the  thermal  analyses  of  neat  imide 
and  imide  -  nitrate  -  triflate  mixture.  Lithium  imide  displayed  a 
complex  profile  on  thermal  analysis.  Two  endotherms  were 
found  on  heating  (see  figure  1),  the  first  peak  at  155”C  being 
due  to  a  phase  change  and  the  second  peak  at  230*C  being 
due  to  the  melting  of  the  imide.  When  the  sample  was  allowed 
to  cool  and  reheated  only  the  upper  melting  point  was  found 
(figure  2).  The  lower  endotherm  is  probaUy  due  to  a  metastable 
phase;  this  thermal  analysis  indicates  that  lithium  imide  is  stable 
in  the  molten  state  from  230*C  to  over  350*C  and  that  it  is 
suitable  for  use  in  a  medium  temperature  reserve  battery. 

The  thermal  analysis  of  the  all  -  lithium  salt  imide  -  nitrate  • 
triflate  mixture  (“imide-mix^  is  shown  in  figure  3;  a  sharp  melting 
point  of  ISS’C  was  found  and  this  mixture  was  stable  to  over 
350‘’C.  Thus  imide  -  mix  electrolyte  has  a  wider  operating 
temperature  range  (over  150*C)  than  neat  imide. 

The  effective  resistances  of  imide  immobilised  on  magnesium 
oxide  have  been  compared  with  that  of  imide  •  mix  (see  ts^e 
1 ).  It  can  be  seen  that  the  resistances  of  imide  -  mix  were  lower 
than  those  of  neat  imide.  Thus  the  imide  mix  should  be  a  better 
conductor  of  lithium  ions. 

3.2  LiN(CF3S02)2  (“imide”)  electrolyte 

Discharge  curves  for  cells  based  on  neat  imide  electrolyte  are 
as  shown  in  figures  4  to  6,  while  table  2  summarises  the  test 
conditions.  The  results  in  table  2  indicate  that  the  energy  density 
achieved  with  manganese  dioxide  alone  is  low.  However,  it  can 
be  seen  clearly  that  the  addition  of  graphite  to  cathode  did 
improve  the  conductivity  of  the  manganese  dioxide  cathode  at 
275®C.  The  energy  density  attained  by  LiAl  \  imide-MgO  \  Mn02- 
graphite  at  SOmA/cm^  is  lower  tha.T  that  of  imide  -  mix  -  based 
cell;  it  can  therefore  be  concluded  that  the  former  electrolyte 
can  only  give  reasonable  performance  at  the  lower  discharge 
rate.  The  sloping  discharge  profile  is  an  indication  that  the  cell 
was  struggling  and  also  the  reaction  involved  was  a  one  electron 
reduction  as  shown  below: 

MnOj  +  xLi  - MnOgLi^  (2.8V) 

3.3  LiN(CF3S02)2-LiN03-LiCF3S03  (“imide-mix")  electrolyte 

Typical  discharge  curves  obtained  for  imide  -  mix  electrolyte 
with  manganese  dioxide  are  also  shown  in  figures  4  to  6.  The 
cell  has  an  OCV  of  2.9V,  and  gave  a  better  performance  than 
the  neat  imide  cell  at  275°C  and  300®C  at  25  mA/cm^  and  also 
at  the  50mA/cm2  discharge  rate  at  275®C;  it  delivered  61.7%, 
68.5%  and  84.1%  more  energy  respectively.  It  can  be  inferred 
that  these  results  are  due  to  the  lower  resistances  associated 
with  the  imide-mix  (see  table  1 ).  Figure  6  shows  the  discharge 
of  a  LiAl  \  imide-mix-MgO  \  LVO-graphite  cell.  An  OCV  of  about 
3. 1 5V  was  observed  and  it  displayed  a  sloping  voltage  curve.  It 
can  be  seen  in  table  2  that  the  energy  delivered  by  this  cell 
increased  with  temperature  at  the  50mA/cm^  discharge  rate. 
The  cell  discharged  at  320’’C  delivered  243  Wh/kg  while  the 
one  at  340'’C  gave  287  Wh/kg,  i.e.  18.5%  more  energy. 


A  medium  temperature  reserve  cell  has  been  investigated  to 
provide  moderate  currents  (up  to  50  mA/cm^)  at  temperatures 
between  200  and  350‘’C.  Electrolyte  mixtures  containing  lithium 
trifluoromethanesulphonimide  (LiN(CF3S02)2)  have  adequate 
conductivity  for  this  application.  A  mixture  containing 
LiN(CF3S02)2,  LiCF3S03  and  LiN03  was  suitable.  The  most 
promising  cell  appeared  to  be: 

UAI  \  LiN(CF3S02)2-LiN03-LiCF3S03-MgO  \  Mn02-graphite 

When  discharged  at  275°C  and  at  25mA/cm^,  it  yielded  over 
540  Wh/kg  Mn02. 

(C)  British  Crown  Copyright  1994/DR  A.  Published  with  the 
permission  of  the  Controller  of  Her  Britannic  Majesty's  Stationery 
Office. 


5.  REFERENCES 

1 .  Miles,  M.  H.  and  Fletcher,  A.N.  (1 980).  Thermal  battery  utilizing 
molten  nitrate  as  electrolyte  and  oxidizer.  US  Patent  Appl. 
No.  11076 

2.  Bolster,  M.  E.,  Embery,  J.  and  Staniewicz,  R.  J.  (1989). 
Development  of  low  melting  electrolyte  system  for  a  LiAl/ 
Ag2Cr04  battery,  Extended  Abstract  Proc.  Electrochem.  Soc. 
98-2,  pi  47. 

3.  Pereira-Ramos,  J.  P.,  Messina,  R.  and  Perichon,  J.  (1986). 
Electrochemical  behaviour  of  some  transition  metal  oxides 
in  molten  dimethylsulphone  at  150"C.  J.  Appl.  Electrochem. 
16,  pp  379-386. 

4.  McManis,  G.  E.,  Miles,  M.  H.  and  Fletcher,  A.  N.  (1985).  High 
performance  nitrate  cell.  US  Patent  Appl.  No  6653115. 

5.  Giwa,  C.O.,  (1993).  Feasibility  study  of  sulphone  -  based 
electrolytes  for  a  medium  -  temperature  reserve  cell  concept. 
J.  Power  Sources  42,  pp  389-397. 

6.  Dominey,  L.A.,  Goldman,  J.  L.,  Koch,  V.  R.  and  Nanjundiah, 
C.  (1 990).  Stabilization  of  electrolytes  for  lithium  rechargeable 
batteries.  Proc.  Electrochem.  Soc.  90-5,  pp  56-66. 

7.  Alamgir,  M.,  Moulton,  R.  D.  and  Abraham,  K.  M.  (1991).  Solid 
superionic  conductors.  Proc.Electrochem.  Soc.  91-3,  pp  131- 
141. 

8.  Waddell,  J.  E.,  De  Witte  J.  and  Alison,  M.  (3M  Company). 
Private  Communication. 

9.  Faul,  I.  (1986).  Proc.  32nd  Int.  Power  Sources  Symp.,  Cherry 
Hill,  USA,  p636 

10. Ritchie,  A.  G.  (1993).  Power  Sources  14,  Proc.  18th  Int.  Power 
Sources  Symp.,  Stratford  -  on  -  Avon,  England,  p299. 


326 


EVALUATION  OF  TRANSITION  METAL  SULFIDE 
CATHODE  MATERIALS  FOR  THERMAL  BATTERIES 


Steven  Dallek  and  Timothy  C.  Murphy 
Naval  Surface  Wartare  Center,  Silver  Spring,  MD 

and 

Trung  Nguyen 

EIC  Laboratoriea,  inc.,  Norwood,  MA 


Introduction 

Thermal  batteries  are  high  temperature,  primary, 
reserve  electrochemical  power  sources  employing 
molten  salt  electrolytes  that  are  solid  and,  therefore,  non- 
conductive  at  normal  ambient  temperatures.  When 
power  is  required,  an  Integral  pyrotechnic  heat  source  Is 
Ignited  which  raises  the  internal  temperature  above  the 
melting  point  of  the  electrolyte,  thus  making  it 
conductive  and  permitting  battery  operation.  Most 
thermal  batteries  are  based  on  the  lithium  alloy/metal 
disulfide  electrochemical  system.  The  battery  consists 
of  a  lithium  alloy  anode,  an  iron  disulfide  (FeS,)  cathode, 
and  a  lithium  chloride-potassium  chlori^  or  a  lithium 
fluoride-lithium  chloride-lithium  bromide  eutectic 
electrolyte.  Such  batteries  have  specialized  uses  for 
hIgh-power,  short-term  discharges  in  a  wide  range  of 
military  applications. 

Several  projected  military  applications  will  require 
significant  advances  in  the  power  and  energy  density 
capabilities  of  thermal  batteries.  It  is  not  likely  that  a 
new  thermal  battery  anode  material  with  superior 
electrochemical  properties  to  lithium  and  Its  alloys  will 
be  found.  The  development  of  new,  synthetic  transition 
metal  cathode  materials,  however,  with  higher  thermal 
stability  and  higher  electrical  conductivity  than  FeS, 
would  allow  for  significant  improvements  In  thermal 
battery  power  and  energy  densities. 

The  conventional  synthetic  approach  used  In  the 
preparation  of  metal  disulfides  is  the  direct  reaction  of 
the  elements  in  sealed  evacuated  silica  tubes  at  elevated 
temperatures.  For  example,  one  of  us  (S.D.)  reported 
earlier  on  a  process  for  the  preparation  of  synthetic  FeS, 
cathode  material  for  thermal  batteries'.  Mixed  transition 
metal  disulfide  cathode  material  can  also  be  prepared 
directly  from  the  elements,  as  reported  recently  by 
Awano  et  al*.  Pure,  single  phase  mixed-metal  products, 
however,  are  difficult  to  obtain,  even  with  repeated 
grindings  and  firings.  In  the  preparation  of  Co-rIch  (Fe, 
CojSj  material,  for  example,  a  small  amount  of  CoS,  was 
always  found  as  a  separate  phase\  A  different  approach 
to  the  synthesis  of  transition  metal  disulfides  was 
proposed  by  Delafosse  et  al^  who  prepared  CoS,  and 
NiS,  by  heating  the  corresponding  sulfates  In  H,S.  This 
procedure  was  used  successfully  by  Bouchard*  to 
prepare  a  series  of  mixed  transition  metal  disulfides. 


In  this  study,  we  have  synthesized  single-phase, 
mixed  transition  metal  sulfide  cathode  materials  with  the 
compositions  Fe,CO(,.„S„  Co,Ni,,.,,S„  and  Cu/li,,^S,. 
The  thermal  stability,  electrical  conductivity  and 
electrochemical  discharge  behavior  of  the  new  materials 
were  evaluated  and  compared  to  the  standard  FeS, 
cathode  material. 


Experfmental  Methods 

Synthesis 

The  synthesis  of  the  single  phase  mixed-metal 
sulfides  was  carried  out  using  co-precipitated  mixed- 
crystal  sulfates.  The  advantage  of  using  mixed  sultates 
as  a  precursor  is  that  hydrated  suHatas  of  Fe,  Co,  Nl  and 
Cu  are  Isomorphous  and  readHy  form  mixed  crystals.  As 
a  result  of  the  homogeneous  formation  of  prscIpHsIsd 
mixed  sulfates,  the  formation  of  ffoely  dhrMed,  single- 
phase,  well  crystallized  materials  is  facHttated  at  higher 
temperatures.  The  mixed  metal  sutfstss  wars  prsparsd 
by  mixing  solutions  of  the  singis  mslai  sulfalss  in  the 
desired  stoichiometry.  The  mfaced  suKals  sohition  eras 
poured  into  a  large  batch  of  acetone  is  rmclpltats  the 
mixed  metal  sulfate  crystals  which  are  hlighly  Insoluble 
in  acetone.  The  precipitated  sulfats  sms  fNtsred  and 
dried  at  100”C  under  vacuum.  The  dry  product  sms 
heated  to  350*C  in  dry  flosring  N,  for  15  minutss.  The 
gas  was  then  changed  to  a  50:50  H,8/N,  mixture  and 
maintained  for  6  hours.  The  resulting  sulfide  was 
quenched  to  room  temperature,  and  residual  smter  sms 
removed  by  heating  the  product  under  vacuum  at  300- 
400'*C.  To  ensure  proper  stoichiometry,  the  dry  product 
was  heated  at  650-700'C  in  an  evacuated  quartz  tube  srith 
excess  sulfur  for  a  period  of  2-3  days.  At  the  end  of  the 
reaction  period,  the  excess  sulfur  wss  condensed  in  a 
cool  region  of  the  tube.  The  pure  mixed  metal  sulfide 
was  collected  under  nitrogen  and  stored  in  an  inert 
atmosphere.  The  follosring  series  of  compounds  was 
synthesized  and  evaluated  in  this  study:  Feg^Co,^S„ 
P»Q4.CO,,S„  FSo^COg^S,,  COg^NIgjS,,  COg^NIggS,, 
COg,Nlg_,S,,  and  CUg^NIg^S,. 

Characterization 

X-ray  Diffraction  (XRD):  XRD  patterns  of  the  new 
transition  metal  disulfides  were  determined  using  a 
RIgaku  diffractometer  fitted  with  a  filtered  Cu  tube.  Si 
powder  was  added  to  the  sample  to  serve  as  an  internal 
reference. 
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ThrmogravliTOtric  Analysis  fTGA):  The  thermal 
stability  of  the  new  cathode  materials  and  the  standard 
FeSj  and  CoSj  materials  was  determined  by  TGA.  A  TA 
Instruments  Model  951  or  Perkin-Elmer  Model  7 
thermogravimetric  analyzer  was  used.  Samples  (10-12 
mg)  were  run  in  platinum  boats  at  a  heating  rate  of 
lO'C/min  from  20**  to  TOO^C  In  a  flowing  atmosphere  of 
argon. 

Conductivity _ Measurements:  Conductivity 

measurements  were  performed  by  an  AC  Impedance 
technique.  In  this  approach,  a  5  mV  AC  signal  was 
applied  to  the  cell  in  the  frequency  range  from  5  Hz  to 
100  kHz  and  the  resulting  currents  and  voltages  were 
recorded  with  the  aid  of  a  lock-in  amplifier.  The 
resistances  of  the  powder  samples  were  determined  from 
the  plot  of  the  Imaginary  component  of  the  complex 
imp^ance  (-Z")  versus  the  real  component  (Z*).  The  AC 
impedance  measurements  were  made  with  an  EGAG 
PARC  Model  378  Electrochemical  Impedance  System, 
comprised  of  a  EG&G  PARC  Model  273  Potentiostat/ 
Gaivanostat,  a  Model  5208  Lock-In  Amplifier,  and  an  IBM 
PC  controlled  by  EG&G  PARC  software.  The  sample 
powder  was  packed  inside  a  cylindrical  cavity  with 
dimensions  of  0.5  cm  in  diameter  and  45  cm  In  length 
drilled  out  of  a  cylindrical  block  of  plastic  with  a  diameter 
of  34  cm.  Two  stainless  steel  rods,  which  acted  as 
blocking  electrodes,  were  Inserted  on  each  side  of  the 
cavity  and  clamped  down  with  a  C-clamp.  Preliminary 
experiments  indicated  that  the  prepared  samples  were  so 
conductive  that  it  was  necessary  to  Insert  a  known  1 
ohm  resistor  into  the  circuit  to  make  the  AC  Impedance 
measurements  possible.  A  blank  measurement  was  first 
made  to  determine  the  resistance  contribution  of  the  1 
ohm  resistor,  leads  and  blocking  electrodes.  The 
electronic  conductivity  of  the  powder  was  then  obtained 
by  subtracting  the  blank  value  from  the  measured  value. 

Single  Cell  Discharge  Studies:  Preliminary 
evaluations  of  the  electrochemical  performance  of  the 
new  cathode  materials  were  conducted  using  single  cell 
tests.  The  individual  test  cells  were  constructed  with 
pelletized  electrode  components.  The  electrolyte  was 
composed  of  a  mixture  of  LICI:LiF:LiBr  (25:37:38).  It  was 
mixed  with  MgO  in  a  ratio  of  1:1  to  form  the 
electrolyte/separator  mixture.  The  anode  material  was 
prepared  by  mixing  LIAI  powder  with  the  electrolyte  in  a 
ratio  of  2:1.  The  cathode  material  was  made  by 
combining  the  mixed-metal  disulfide  with  the  electrolyte 
in  a  ratio  of  4:1.  The  electrolyte,  anode  and  cathode 
mixtures  were  thoroughly  mixed  Inside  a  rolling  mill  for 
about  2  hours.  The  homogeneous  powder  was  then 
pressed  with  a  stainless  steel  die  to  form  round  pellets 
with  an  effective  surface  area  of  1 .26  cm^.  The  cells  were 
constructed  by  stacking  the  cathode  between  two 
anodes  with  the  electrolyte/separator  pellets  In  between 
them.  The  cells  were  then  sandwiched  between  two 
stainless  steel  disc  current  collectors  which  were 
insulated  from  the  compression  plates  by  a  layer  of 
insulating  mica.  The  pressure  applied  to  the  cell  stacks 
through  the  compression  plate  was  about  15  psi.  The 


test  cells  were  placed  Inside  a  furnace  at  520*C  under  an 
atmosphere  of  nitrogen  and  discharged  at  a  current 
density  of  0.1  A/cm^.  All  experimental  procedures  were 
conducted  In  a  Dry  Room  maintained  at  less  than  2% 
relative  humidity. 

Results  and  Discussion 

Iron  disulfide  and  cobalt  disulfide  were  prepared 
separately  from  the  corresponding  sulfate  precursors  to 
ensure  the  validity  of  the  HjS  reduction  method.  XRD 
patterns  obtained  for  these  baseline  materials  were 
identical  to  published  data.  XRD  patterns  of  the 
(Fe,Co)S2  series  of  compounds  showed  that  the  initial 
HjS  reduction  step  produced  an  amorphous,  non- 
stoichiometric  product.  After  heat  treatment  of  this 
material  with  excess  sulfur  at  650*C  for  four  days,  the 
XRD  pattern  clearly  indicated  the  conversion  to  a  highly 
crystalline  and  well  ordered  final  product.  The  (Co,Ni)S2 
and  CUojNio3S2  materials,  on  the  other  hand,  were 
crystalline  even  before  the  heat  treatment  procedure  with 
sulfur. 

TGA  curves  comparing  the  thermal  stabilities  of 
the  mixed-metal  transition  metal  disulfides  and  the 
standard  FeS2  and  C0S2  materials  are  shown  in  Figures 
1  and  2.  It  is  seen  that  the  thermal  stability  of  the  (Fe, 
€0)82  compounds  increases  with  Increasing  Co 
concentration.  The  thermal  stability  of  the  (Co,NI)S2 
compounds  is  highest  for  the  CoojNigjS2  phase.  The 
thermal  stability  of  the  CUgjNigjS2  phase  is  higher  than 
that  of  FeS,  or  C0S2. 

The  conductivity  results  are  summarized  in  Table 
1.  It  Is  seen  that  the  introduction  of  Co  atoms  into  the 
FeSj  structure  to  form  a  single  phase  mixed-metal 
disulfide  significantly  increases  the  conductivity  (i.e., 
decreases  the  specific  resistivity)  of  the  material.  The 
resistivity  decreases  as  a  function  of  increasing 
concentration  of  Co  atoms.  Thus,  the  conductivity  of 
Fe,jCOpjS2  is  over  3  orders  of  magnitude  greater  than 
that  of  FeS,.  Since  CoS,  is  a  metallic  conductor,  the 
incorporation  of  Co  into  the  semiconducting  FeS, 
structure  to  form  the  (Fe,Co)S2  phase  would  be  expected 
to  provide  increased  conductivity.  The  incorporation  of 
Ni,  on  the  other  hand,  to  form  (Co,Ni)S2  is  seen  to  have 
little  effect  since  NiS,  is  a  semiconductor.  The  high 
electronic  conductivity  of  the  CUg^Nig^S,  material  derives 
from  the  metallic  conductivity  of  CuS,. 

Single-cell  discharge  curves  obtained  at  a  current 
density  of  0.1  mA/cm'^  are  shown  in  Figures  3  and  4. 
From  these  preliminary  results,  with  unoptimIzed  cells,  it 
is  seen  that  Feg^COg^S,  has  a  much  higher  discharge 
voltage  than  the  standard  FeS,  material. 
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Summiry 


Table  1 


New  thermal  battery  transition  metal  cathode 
materials  with  the  compositions  Fe.CO(^..,S2,  Co,NI(,..,S2, 
and  Cu,NI(i..,S,  were  synthesized  by  HjS  reduction  of  the 
corresponding  mixed-metal  sulfate  precursors.  The 
materials  were  characterized  by  XRD,  TGA,  conductivity 
measurements,  and  single-cell  discharge  studies. 

The  FegjCOgjS,  phase,  In  particular,  has  potential 
as  an  attractive  new  cathode  material.  It  has  higher 
thermal  stability  and  substantially  lower  resistivity  than 
the  standard  FeSj  cathode  material.  Furthermore,  the 
single-cell  discharge  voltage  of  Feg^COggS,  was 
significantly  higher  than  that  of  FeS,.  Thus,  the  new 
cathode  material  may  provide  for  increases  in  the  energy 
and  power  densities  of  thermal  batteries. 
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Resistivity  of  Single  Phase  Mixed-Metal  Disulfides 


1  Sample 

Resistivity,  p  (n<cm) 

1  I'eSz 

17.72 

FOg  jCOgjSj 

0.088 

FegsCOgsS2 

0.021 

FegjCOggSj 

0.005 

CoSj 

0.002 

COggNiojSj 

0.015 

CoggNij  jSj 

0.005 

COgjNiggSg 

0.026 

CUgjNigjSj 

0.006 

Temperature  fC) 


Fig.l;  TGA  Curves  of  Transition  Metal  Disulfides. 
Heating  Rate  :  10  °C/min. 
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Fig.  2:  TGA  Curves  of  IWuisition  Mstal  OtouMdes. 
Heating  Rate :  10  *C/min. 


Fig.  3:  Single-Cell  Discharge  Curves  of  Co,Ni(^.^S2, 
Cu,Nip.,}S2  and  C0S2  at  0.1  A/cm^  and 
520  ®C. 


Fig.  4:  Single-Call  Discharge  Curves  of  Fe,COf^^|S2 
and  FeS2  at  0.1  Afcm^  and  520  °C. 
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LmnUM  ALUMINUM  /  IRON  DISULHDE  RECHARGEABLE  BATTERIES 
FOR  PULSE  POWER  APPUCATIONS 
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Cockeysville,  Maiyland  21030 


Abstract 

Advanced  lithium  aluminum/iron  disulfide  rechargeable  batteries 
employing  molten  salt  electrolytes  are  under  development  at  SAFT  for 
pulse  power  applications.  Battery  stack  arrays  consisting  of  twenty  series 
connected  cells  operating  at  463  degrees  Celsius  have  been  cycled  at  high 
rates  of  3C  char^  and  7SC  discharge.  The  10  kW  cylindrical  bipolar 
battery  module  employs  an  integral  volume  compensating  bellows  to 
maintain  cell  to  cell  contact  while  providirig  for  expansion  and  contraction 
of  the  electrodes  during  cycling.  An  aluminum  iron  alloy  additive  in  the 
n^ative  electrode  provides  over  charge  tolerance  and  cell  balancing  by  a 
lithium  shuttle  mechanism.  Very  high  power  densities  of  3.0  kW/kg  and 
8. 1  kW/1  have  been  deriKinstrated. 


Introduction 

Rechargeable  LiAl/FeS2  batteries  employing  molten  halide  salt 
electrolytes  are  good  candidates  as  power  supplies  for  electric  weapon 
applications.  The  lithium  halide  based  molten  salt  electrolytes  have  high 
ionic  conductivity  and  are  ideally  suited  for  high  power  densities  when 
compared  to  aqueous  and  solid  state  electrolytes.  The  lithium  aluminum 
and  iron  disulfide  electrodes  have  high  specific  energy  and  good  reaction 
kinetics.  When  discharged  at  a  C/3  rate  on  the  upper  plateau  the  system 
has  a  theoretical  specific  energy  of  47SWh/kg' . 

(2LiAl  +  FeS2  -»  FeS  +  Li2S  +  2Al,  1.66V). 

The  main  objective  of  this  R&D  effort  was  to  optimize  the  LiAl/FeS2 
system  for  high  power  and  to  develop  and  demonstrate  10  kW  scaleable 
battery  ttxxlules  containing  20  series  connected,  13  cm  diameter  sealed 
bipolar  cells.  The  work  plan  established  a  baseline  LiAl/FeS2  cell  design 
and  performance.  As  previously  reported^  native  electrode,  positive 
electrode,  separator/electrolyte,  cell  hardware,  and  seal  studies  were 
conducted  using  2.5  cm  diameter  single  cells.  Scale-up  of  the  best 
perfirrming  cell  design  to  13  cm  diameter  cells  and  then  10  kW  stacks  was 
accomplished.  Cell  and  battery  results  were  compared  to  target  values  of 
2.9  kW/kg,  33  Wh/kg,  3  MW/m^,  and  36  Wh/1  taken  from  performance 
guidelines  for  a  future  full  scale  battery  as  detailed  in  Table  1.  A  design 
concept  of  the  battery  is  depicted  in  Figures  1  and  2. 

Table  I :  Full  Scale  Battery  Performance  Guidelines 


Energy  Storage 

100  MJ  (27.5  kWh) 

Constant  Power 

2.5  MW 

Operating  Voltage 

500  V 

Charge  Time 

15  -20  Minutes 

Pulse  Conditions 

12  Shots  Over  1  Minute 

Pulse  Duration 

4  Seconds 

Pulse  Current 

5000  Amps 

Power  Density 

SMW/w? 

Specific  Power 

2.9kW/kg 

Energy  Density 

202kJ/l(56Wh/l) 

Specific  Energy 

120kJ/kg(33WhAg) 

Battery  Volume 

«  3m^ 

With  a  goal  of  0.5  m^ 

Battery  Weight 

<  1000  kg 

Figure  1 :  3  MJ  Bipolar  LiAI/FeS2  Module  Concept  Design 


Figure  2;  100  MJ  Bipolar  LiAl/FeS2  Battery  Concept  Design 


Extrerimental 


Scale-up  to  10  kW  battery  modules  was  accomplished  beginning  with 
nqative  electrode,  positive  electrode,  arxl  separator  powder  mixes  fiiat 
were  processed  and  cold  compacted  into  disks  13  cm  diameter  using  a  400 
ton  capacity  hydraulic  press.  LiAl  electrode  disks  of  12.9  Ah  theoretical 
capacity  were  matched  with  FeS2  electrodes  to  obtain  a  lithium  limited 
cell  with  n^ative  to  positive  ratio  of  0.86.  Overcharge  tolerance 
consisted  of  additives  of  Al5Fe2  to  the  n^ative  atui  NiS  and  Li2S  to  the 
positive  as  developed  by  Aigonne  National  Laboratoty  (ANL)^.  The  cell 
chemistry  was  as  follows: 
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Negative:  LiAl,  LiBr-LiCI-LiF  sah,  MgO,  and  Al5Fe2 
Positive:  FeS2,  LiBr-LiCI-LiF  salt,  C0S2,  NiS,  and  Li2S 
Electrolyte/Separator:  LiBr-LiCI-LiF  salt  and  MgO 

The  n^ative  electrode  was  assembled  into  a  3 16  stainless  steel  cup  and  a 
316  stainless  steel  screen  was  placed  on  top.  The  cup  edge  was  crimped 
over  the  screen  and  spot  welded  all  around  to  complete  the  electrode 
package  Likewise  the  positive  electrode  was  assembled  using  a 
molybdenum  cup  and  screen.  The  cell  assembly  is  depicted  in  Figure  3. 


NEGATIVE  ELECTRODE  ASSY 


ELECTROLYTE/SEPARATOR 

SCREEN 
CRIMPED  CUP 

POSITIVE  ELECTRODE  ASSY 


Figure  3;  LiAl/FeS2  Cell  Assembly 

Twenty  cells  were  stacked  in  series  with  two  oversized  metal  foil  disks 
located  between  each  pair  of  adjacent  cells  to  help  decrease  electrolyte 
leakage.  The  metal  disks  were  bent  away  from  each  other  at  the  periphery 
to  form  a  gap  all  around.  This  design  provides  a  more  torturous  path  for 
electrolyte  to  travel  and  reduces  leakage  currents.  The  cell  stack  was 
placed  between  horizontal  nickel  current  collector  disks  inside  a  stainless 
steel  case  as  shown  in  Figure  4. 


n^ative  collector  was  seated  on  top  of  a  volume  compensating  Inconel 
metal  bellows  resting  flat  on  a  second  negative  collector  at  the  bottom  of 
the  case.  A  copper  braid  connected  the  two  negative  collector  plates  and 
served  as  a  current  bypass  around  the  highly  resistive  bellows.  The  top 
and  bottom  current  collector  plates  were  isolated  from  the  n^ative  cover 
assembly  by  magnesium  oxide  ceramic  spacers.  Each  plate  was  tungsten 
inert  gas  (TIG)  welded  to  a  1.3  cm  diameter  nickel  terminal.  Each 
terminal  was  fed  through  the  cover  assembly  via  a  boron  nitride 
compressed  powder  feed  through  assembly  as  developed  by  ANL^.  The 
negative  and  positive  cover  assemblies  were  welded  iitto  the  outer  case  to 
complete  the  battery  assembly. 

Batteries  to  be  tested  were  clamped  between  steel  plates  with  resistance 
heaters  attached  and  sealed  within  an  insulated  test  drum  container. 
Because  of  it's  greater  length,  the  10  kW  battery  had  an  additional  heater 
wrapped  around  the  case  side.  The  integral  bellows  was  pressurized  with 
argon  gas  to  provide  a  force  of  55  kg  (0.45  kg/cm^)  at  operating 
temperature.  The  atmosphere  inside  the  drum  was  purged  with  argon  gas 
and  the  battery  was  heated  to  465  A  Bitrode  model  LCS  500-45 
tester  with  0-45  v(^  range  and  500  amperes  charge  and  discharge 
capability  was  used  to  test  the  batteries.  Individual  batteries  were 
discharged  under  constant  current  loads  of  up  to  500  amperes  (4  A/cm^  at 
75C  rate).  Charging  consisted  of  30  amperes  constant  current  (3C  rate) 
to  2. 1  V  per  cell  followed  by  constant  potential  taper  charging  down  to 
low  current  (<2  A). 


Results  and  Discussions 

The  optimum  chemistry  and  configuration  required  for  the  10  kW  battery 
was  d^eloped  by  testing  many  small  single  cells.  Scale-up  to  foil  size 
LiAl/FeS2  cells  was  achieved  with  good  success.  A  comparison  of  the 
results  of  a  2.54  centimeter  diameter  single  cell  (EW-43),  a  three  cell 
battery  (EWS5-3)  and  two  twenty  cell  batteries  (EWS5-9  &  EWS5-10)  is 
shown  in  Table  2. 

Table  2:  Comparison  of  the  Results  of  Cells  and  Batteries 
Tested  at  4  A/cm^ 


Avcfift 

Specific 

Specific 

Power 

Lo^ 

PgiCBiid 

CdMoty 

Power 

Eocriy 

Dtmty 

OSBOBtlSB 

(Aayi) 

fVoim 

(Ainp'hfi) 

fkW/to 

AW/1) 

EW<43 

ICdl 

20 

091 

0222 

(47%UliJ) 

32 

3S 

17 

25an 

EWS5-3 

3CdIf 

500 

216 

61 

(53%  UlU) 

30 

41 

1  1 

13  an 

EWS5-9 

20Cdb 

500 

18  15 

56 

(43%Utii) 

30 

34 

81 

13  on 

EWS5-I0 

20CdU 

500 

14  67 

33 

(26%  UdI) 

23 

15 

62 

13  an 


A  comparison  of  the  results  of  EW-43  with  EWS5-3  at  equivalent  current 
densities  of  dA/cm^  shows  that  scale-up  of  the  chemistry  from  a  2.54  cm 
single  cell  to  a  three  cell  battery  with  13  cm  diameter  cells  resulted  in 
similar  gravimetric  power  and  energy  densities  based  on  the  weight  of  cell 
components.  The  power  density  of  battery  EWS5-3  was  within  6%  of  cell 
EW-43.  The  capacity  utilization  of  the  battery  was  higher  by  13%,  and 
the  energy  density  was  higher  by  6  Wh/kg  (17%).  This  improvement  is 
due  to  the  constant  potential  chafing  performed  on  the  battery  to  equalize 
the  cells.  Therefore  the  battery  was  charged  to  a  higher  state  of  charge 
(SOC).  This  was  not  done  on  the  small  2.54  cm  cells.  EWS5-3  achieved 
150  high  rate  cycles. 


Figure  4:  Sectioned  View  of  20  Cell  LiAl/FeS2  Battery 

Alumina  ceramic  rods  were  used  to  electrically  insulate  the  cells  from  the 
metal  case  and  to  maintain  alignment  of  the  stack.  The  lower  disk 


The  performance  of  EWS5-10  is  representative  of  a  twenty  cell  battery 
with  cells  identical  in  design  to  EWS5-3  (with  screens).  The  unusually 
low  power  and  energy  were  because  of  high  internal  impedance  probably 
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caused  by  msufncient  pressure  on  me  stack  resumng  ui  Imiited  wetting  of 
the  screens. 

In  contrast  the  best  performance  of  a  twenty  cell  battery  was  EWS5-9  that 
had  cells  with  no  screens.  Power  densities  of  8.8  kW/l  and  3  .0  kW/kg  and 
energy  densities  of  3S3  ki/l  (98  Wh/1)  and  122  kJ/kg  (34  Wh/kg),  were 
achieved  based  on  the  weight  and  vohune  of  cell  components.  A  complete 
cycle  with  rates  of  73C  discharge  and  3C  charge  (with  taper)  is  shown  in 
Figures.  Open  circuit  rest  periods  of  1 3  minutes  were  allowed  before  and 
after  each  discharge.  Figure  6  is  an  expanded  discharge  plot.  The  battery 
produced  a  peak  power  at  SOO  amperes  discharge  of  1 1 .3  kW. 
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•  C«U  OmIk  S.WI/^  4tSh/ki 
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(Sh/ks) 

Figure  7:  Specific  Power  vs.  Specific  Energy  of  Three  Cell  (EWS3'3) 
and  Twenty  Cell  (EWS3-9)  LiAl/FeS2  Batteries 


With  respect  to  volume  the  perfixmance  was  even  better  when  compared 
to  the  goals.  In  order  to  achieve  a  battery  size  of  500  liters,  power  and 
energy  densities  of  3  kW/l  and  36  Wh/I  are  needed.  Using  a  25%  burden 
foe  cell  goab  are  calculated  as  6.3  kW/1  and  70  Wh/I.  Both  batteries 
exceeded  these  goals  as  dqricted  in  Figure  8.  At  500  amperes  battery 
EWS3-3  achieved  8.1  kW/1  and  1 10  Wh/1.  The  10  kW  battery  EWSS-9 
achieved  8.8  kW/I  and  98  Wh/I. 


Figure  5:  Cycle  *6  of  10  kW  Battery  EWS5-9 


0  29  M  79  too  129  190 


SooriT  iMaMtv 

(Wh/l) 


Figure  6:  Cycle  #6  Discharge  of  10  kW  Battery  EWS5-9  at  4A/cm7 


In  order  to  relate  cell  stack  performance  to  foe  battery  goals  of  2.9  kW/kg 
and  33  Wh/kg  (I20kj/kg)  we  must  apply  a  burden.  The  burden  represents 
insulation,  hoUers,  and  other  hardware  required  for  a  foil  scale  battery.  If 
we  apply  a  23%  burden  the  cell  goals  are  calculated  as  3.6  kW/kg  and  41 
Wh/I^.  A  plot  of  specific  power  versus  specific  energy  of  the  best  three 
cell  and  twenty  ce'l  batteries  is  depicted  in  Figure  7.  Both  batteries  were 
within  20%  of  the  cell  goals.  At  300  amperes  the  three  cell  battery 
(EWS3-3)  achieved  the  optimum  perfbimance  of  3.0  kW/kg  and  41 
Wh/kg.  The  10  kW  battery  achieved  3.05  kW/kg  aixl  34  Wh/kg. 


Figure  8:  Power  Energy  vs.  Energy  Density  of  Three  Cell  (EWS3-3)  and 
Twenty  Cell  (EWS5-9)  LiAj/FeS2  Batteries 

Conclusions 

Advanced  10  kW  battery  modules  optimized  for  high  power  densities  of 
2.9fcW/kg  and  3  MW/m^  are  under  developtnem  at  SAIT.  Rechargeable 
LiAI/LiBr-LiCI'LiF/FeSj  chemistry  was  developed  and  optimized  for  high 
power  in  2.34  cm  diam^  circular  cells.  Scale-up  of  chemistry  to  13cm 
diameter  cells  and  cell  stacks  was  accomplished,  and  comparable  power 
and  energy  densities  were  attained  at  high  rates  of  3C  (30  A)  charge  and 
75C  (300  A)  discharge.  Power  densities  of  8.8  kW/1  and  3.0  kW/kg  and 
energy  densities  of  353  kJ/I  (98  Wh/I)  and  122  kJ/kg  (34  Wh/kg)  were 
achieved  for  a  twenty  cell  10  kW  battery  based  on  the  weight  and  vohune 
of  cell  components. 
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abatract. 

We  present  here  the  results  of  the  developnent  of 
the  rechargeable  cell  Na/6"-alumina/S(IV)  in  molten 
AlCljAJaCl  as  a  candidate  battery  for  electric 
vehicles.  Two  charge/discharge  steps  cure  observed  for 
this  cell.  In  the  first  step  S(IV)  is  reduced  to  S(0); 
in  the  second,  the  elemental  sulfur  is  reduced  to  a 
conclex  sulfide.  The  cell  has  a  theoretical  energy 
daisity  for  the  two  steps  of  726  Wh/hg;  an  open 
circuit  voltage (OCV)  >  4.2  V;  it  operates  in  ^e 
tenperature  range  of  180°C  to  250°C.  OHy  the  first 
step  was  studied  in  this  program.  Engineering  cells 
Na/S"-alumina/S(IV)  in  molten  AlClj/NaCl  were  designed 
and  constructed.  The  cells  consisted  of  the  positive 
mix  inside  a  S" -alumina  tube  vAiich  was  equipped  with 
an  a -alumina  header.  The  negative  ccitpartment  was  a 
stainless  steel  tube  captaining  sodium.  Two  types  of 
seal  assemblies  were  used  to  seal  the  two 
conpartments :  1)  conpressicn  seals,  2)  a  brazed  seal. 
Static  and  dynamic  corpatibilities  of  canstructioi 
materials  with  AlClj/NaCl  melts  in  the  presence  and 
absence  of  sulfur  conpounds  were  determined.  The 
electrochemical  performance  of  the  cells  was  tested  at 
230°C.  Op^  circuit  voltage  of  the  changed  cells  wais  > 
4.2  V;  capacity  efficiency  of  the  cells  wais  >97  %.  It 
Weis  observed  for  most  of  these  cells  that  with  cycling 
the  average  cell  resistance  reached  a  minimm.and 
then  began  to  increase.  This  increase  in  resistance 
appears  to  be  caused  by  inpurities  introduced  in  the 
melt  during  cycling.  Cells  made  of  coopatible 
materials (laboratory  cells)  showed  a  low  resistance 
vrtiich  remained  constant  with  cycling.  The  lowest 
resistaince  obtained  for  these  cells  was  4.5  Qonr;  the 
longest  cycle  life  was  9128  cycles  in  14  months; 
maximum  power  density  was  0 . 9  W/cm^ .  Dera  discharge 
and  overcharge , and  freeze-thaw  had  no  effect  on  cell 
performance.  It  was  demonstrated  that  the  cell  Na/S"- 
alumina/S(IV)  in  molten  AlClj/NaCl  made  of  compatible 
materials  will  meet  the  requirements  for  applications 
in  electric  vehicles . 

Introduction 

Of  the  many  electrochemical  systems  (diich  have 
been  considered  for  battery  applications  in  electric 
vehicles,  those  based  oi  molten  salt  electrolytes 
appear  to  be  especially  promising.  The  cell 
Na/S" -alumina/  S(IV)  in  molten  AlCl,/NaCl  is  cpe  of 
these  systems; however, its  potential  for  practical 
afplications  has  not  been  explored.  This  cell  has  been 
studied  at  the  University  of  Tennessee  since  1976 
(1-4);  it  shows  the  following  characteristics: 

TWO  separate  discharge (and  charge)  steps  are 
observ^  in  this  cell.  In  the  first,  S(IV)  is  reduced 
to  S(0)  according  to  the  reactioi 

dischauge 

4Na  +  SCljAlCl,  +  l.SAljCl,  i====^  S  +  4NaAlCl,  (1) 

charge 

Cpen  Circuit  Voltage (OCV) =  4.35  V 

and  in  the  second, elemental  sulfur  is  reduced  to  a 
conplexed  sulfide  according  to  the  reaction 

discharge 

2Na  +  S  +  NaAlCl,  ^======V  NaAlSClj  +  2NaCl  (2) 

charge 

Open  Circuit  Voltage (OCV) =  2.75  V 


The  overall  reaction  for  the  reduction  of  SdV)  to 
sulfide  is  described  by  the  equation 

discharw 

SC1,A1C1,  *  l.SAljCl,  •  6Na  NaWSCl,  ♦  INaAiCl,  ♦  ZNaCl 

charge 

Wor)cing  tenperature  is  in  the  range  of  180“C  to  25(yc. 
Ehergy  densities  calculated  for  steps  I  and  II  are  552 
Wh/)cg  and  174  Wh/kg,  respectively;  for  the  overall 
reaction  the  value  is  726  Wh/kg (3) . 

The  acid-bcise  properties  of  molten 
chloroaluminates  and  electrochemistry  of  sulfur  in 
these  melts  are  crucial  for  the  understanding  of  the 
charge/discharge  properties  of  cells  that  use  positive 
oxidation  states  of  sulfur.  Acidic  melts  are  defined 
as  those  melts  that  have  an  AlClj/NaCl  mole  ratio>l. 
Elemental  sulfur  Ccin  be  either  oxidized  or  reduced  in 
)3oth  basic  and  acidic  melts.  The  reduction  of  sulfur 
results  in  a  ccnplexed  sulfide.  The  oxidation  of 
sulfur  in  basic  melts  (AlClj/NaCl  mole  ratiCKl)  leads 
to  S,C1.  (+1  oxidation  state) .  In  acidic  melts  the 
electrochemical  oxidation  goes  through  several 
intermediate  oxidation  products  including  ^Cl.  to  the 
final  reaction  product  SCl^Cl,  (+4  oxidation  state)  . 

Initial  studies  of  this  system  were  carried  out 
at  the  University  of  Tennessee  using  glass  laboratory 
cells.  Since  1987  further  development  of  this  system 
was  carried  out  at  Molten  Salt  Technology (MST)  with  an 
objective  to  develop  a  practical  cell. 

The  results  obtained  with  laixjratory  cells 
showed: 

-  an  open  circuit  voltage  >4.2  V. 

-  high  power  density(>500mW/cni')  as  well  as  a 
naximum  power  density  of 

1579W/kg  (based  on  the  weight  of  the  active 
conpcnents)  was  achieved  for  a  number  of  cells. 

-  more  than  1000  deep  charge/discharge  crycles  were 
obtained  for  nunber  of  cells;  for  one  cell  more 
than  9000  cycles  were  achiev^. 

-  cells  could  be  chsuged  to  100%  of  the 
theoretical  capacity. 

-  charge/discharge  efficiency/  100%. 

-  energy  efficiency  ip  to  97%  of  the  first 
lateau. 

oss  in  cell  capacity  was  not  observed  after 
more  than  3000  cycles. 

Results  of  an  invest igaticsn  to  develop  a  practical 
Na/6"-alunu.na/S(IV)  cell  are  presented  in  this  paper. 
Following  areas  were  studied: 

1)  cerpatibility  of  materials 

2)  seal  design 

3)  cell  performance 

4)  high  energy  cells. 

Fbcperimenta'l 

All  chemicals  used  in  the  cells  were  of  the 
highest  purity.  Aluminum  chloride  (Flu)ca)  and  sodium 
chloride  (Malinchrcdt)  were  purified  according  to 
standard  prxxec3ures(  5)  .  Sodium  (Fisher)  was  filtered 
through  glass  wcol  before  use,cind  sulfur  (Alfa)  was 
used  as  received.  Kovar,  304  Stainless  Steel,  and  the 
brazing  allc>ys  were  contnercially  available.  Nickel  200 
and  tungsten  wire  were  obtained  from  AESAR. 

Reticulated  Vitreous  Carbon (RVC) was  obtained  from 
Chemotronics  International,  Inc.,  Ann  Arbor,  Mich.  The 
6" -alumina  tubes  with  a -alumina  headers  were 
manufactured  by  Ceramatec,  Salt  Lake  City,  Utah. 

All  electrochemical  measurements  were  performed 
using  a  16-channel  MACOC®  automatic  battery  test 
system  including  an  IBM-cxxrpatible  conputer  as  the 
Central  Procassu^  Unit. 

The  E" -alumina  tubes  were  vacyjum-dried  at  450^ 
for  at  least  5  days  prior  to  use.  Cells  were  assembled 
in  the  dry  box  under  an  inert  atmosphere. 

Results  and  Discussion 
1)  Materials  conpatibility 

The  cells  were  constructed  from  304  Stainless 
Steel  which  is  Imown  to  be  cx)ttpatible  with  molten 
sodi.um(6)  .  The  melt  and  its  vapors  are  very  aggressive 
chemically  and  hence  the  studies  of  their  effects  on 
stainless  steel  and  on  materials  used  to  construct  the 
cell  (in  particular  the  seal  assembly)  were  performed. 
Both  static  and  dynamic  con^tibility  studies  were 
cxinducted.  Dynamic  cxnpatibility  was  determined  after 
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materials  had  been  used  in  cells  during 
charge/discdiarge  cycling.  Static  ccnpatibility  of 
materials  (304  Stainless  Steel, Nickd^  200)  was 
determined  by  measuring  the  wei^t  loss  of  ooi^xxis 
(size  lx2cm, thicloiess  0.15cm,0.0787cRi  for  stainless 
steel, respectively)  after  their  immersion  in  the  melts 
for  different  periods  of  time(\;p  to  cne  year)  at 
230»C. 

Results  showed  that  in  a  sli^itly  acidic  melt 
containing  S,Cl,,nic)cel  and  stainless  steel  show  a 
very  small  wei^t  loss.  In  a  hi^ily  acidic  melt  (65/35 
mole%  AlCl./NaCa)  ccntaining  SCljAlC^  a  significant 
loss  in  weight  was  cbeerved  for  stainless  steel;  the 
loss  was  much  less  for  nidcel.  The  results  show  that 
the  weic^t  loss  for  nidcel  is  ll-lmg/cnf  after  1  year 
t^ch  correspcnds  to  a  d^th  of  penetration  of 
35.2xl0~*cm.  Dynamic  eroeriments  nave  shown  that 
tungstei  as  well  as  RVC  are  cjuite  inert  with  respect 
to  S^jAlCl^.  Coiled  tunmten  wire  has  been  used  as 
the  positive  current  collector  in  laisoratory  Na/S“- 
alunina/S(IV)  cells  for  long  periods  of  time  (17 
months)  without  any  a^^parent  attac)c  lay  the  sulfur 
compounds. 

Therefore,  the  conpatibility  of  tunmten-ooated 
nidcel  coupons  (size  lcmx2cmx  0.0787cm  thickness;W 
coating  thidmesses  of  19.8/im,26.6/im,and  32.0/im, 
respectively)  in  hic^y  acidic  melts  oontadning 
sulfur  (IV)  was  carried  out  for  5  months  at  230°C.  It 
was  observed  that  H  coating  remained  Intact  and  no 
tungsten  was  detected  in  the  melt  after  5  months. 


2)  Sfifl]  deaign 


Several  engineering  cells  were  designed  and 
constructed.  In  order  to  minimize  the  corrosion  of  the 
metal  components  by  the  chemloals  in  the  oathode 
compartment  an  inside/out  oell  design  was  adopted,  with 
the  sodium  outside  the  C-cdumina  tube.  The  main 
disadvantage  of  the  cells  with  this  oonfiguration  is 
that  their  Ccpacity  is  limited  lay  the  size  of  the 
alvmiina  tube.  An  engineering  cell  consisted  of  the 
positive  mix  inside  a  S” -alumina  tube  vdilch  was 
eguipp^  with  an  «-alumina  header  to  seal  and 
electrically  insulate  the  sodium  and  the  melt 
compeu:tmients.  The  negative  compartment  (anode)  was  a 
stainless  steel  tube  containing  sodium.  Both 
compartments  were  sealed  employing  either  compression 
type  of  seals  (with  a  bolted  flange  or  with  disc 
springs)  or  a  brazed  seal.  A  colled  tungsten  wire  was 
used  as  the  positive  current  collector.  Figure  1  shews 
the  cell  design  with  disc  springs. 


to  a  cutoff  voltc^e  of  3.0  V  or  lower,  depending  cn 
the  discharrr“  rate. 

Typi(  charge/discharge  curves  and  OCV's  for 
tliree  cycles  are  shewn  in  Figure  2. 


^  eieu*  meet  crof#  taoev  erofs  aa  m 
]  -g-  c<cu#Moc»  -M-  crat*$r«ccv  -s-  craf«y«ocv 


Figure  2  Full  Charge/Discharge 

Curves  for  the  Cell  MC-07 


epen  circuit  voltage  for  the  Na/S"-aluinina/S(IV) 
chloroaluminate  cell  is  a  function  of  the  state  of 
charge.  It  was  observed (Table  I)  that  the  OCV  of  a 
fully  charged  cell  is  >4.2  V. 

Table  1 


epen  Circuit  Voltage  vs.  State  of  Charge  for  the  Cell 

MC-02 


Cycle  # 

,  OCV  (V) 

State  of  charge (%) 

0 

20  40  60 

80  100 

57 

3.819 

4 . 040  4.134  4 . 178 

4.207 

405 

3.810 

4.050  4.136  4.179 

4.212  4.308 

However, it  was  also  observed  that  the  resistance  of 
these  cells  increased  with  cycling.  Figure  3  shows 
dependence  of  the  charge  and  the  discharge  resistances 
of  three  cells  (MC-06,  MC-07,  and  GC-09)  cn  cycle 
number.  Difference  between  tlie  open  circuit  voltage 
and  the  closed  circuit  voltage  divided  by  the  current 
gave  the  cell  resistance  at  the  particular  state  of 
charge.  The  values  for  cell  resistance  obtained  at 
different  state  of  charge  (and  discharge)  were  used  to 
determine  the  average  cell  resistance  during  charge 
(and  discharge) . 


Figure  1  Cell  Design  with  Disc  Springs 


Brazed  seal  (metal/ceramic)  consisted  of  an 
alumina  header  in  vbich  a  Kbvar  ring  was  bonded  to  the 
outer  diameter  of  the  header  cmd  a  nichel  (Kbvar)  ring 
was  bended  to  the  inner  diameter  of  the  header. 

3^  Charge/discharge  performance 

Cell  capacity  ranged  from  1.0  to  1.7  Ah.  Melt 
composition (tor  discharged  cells)  for  majority  of 
cells  Weis  slightly  acidic  (50.4/49.6  mole% 

AlClj/NaCl)  .  Worlcing  temperature  vras  230°C.  Only  the 
first  discharge  step  (reduction  of  S(IV)  to  S((5))  was 
studied.  These  cells  were  chsuged  in  the  range  of  40- 
90%  of  the  theoretical  cepacity,  and  discharged  deeply 
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Figure  3  Dqjendence  of  the  Charge  and 
the  Discharge  Resistances  of 
the  Cells  MC-06,  MC-07  and 
GC-09  on  Cycle  NLimber. 


From  Figure  3  it  is  clear  that  Cell  QC-09  has  a 
lower  resistance  which  increased  only  sli^tly  with 
cycling.  This  cell  was  a  laboratory  cell  used  for 
conparison  with  the  engineering  cells;  it  en|)loyed  a 
S" -alumina  tube  from  the  same  batch  as  cells  MC-06  and 
MC-07.  Generally, the  cell  resistance  could  be  affected 
by  a  number  of  factors.  For  exaiif)le.  Table  2  presents 
average  laboratory  cell  resistance  during  the  first 
100  cycles  ais  a  fxmction  of  current  collectors, 
initial  melt  conposition,  and  S"-alvaiiina  treatment 
prior  to  cell  assembly. 


•Kd3le  2 


Average  Laboratory  Cell  Resistance  for  Several  Current 
Collectors,  Initial  Melt  Conposition,  and  6" -Alumina 
Treatment  EXiring  the  first  100  Cycles 


Cell  Current  collector 

Initial  melt 

Cell 

resistance  (Qcm*) 

GC-04'“ 

W-coil 

acidic 

59 

GC-15 

W-coil 

basic 

32.5 

GC-19 

RVC 

basic 

10.5 

GC-06' 

W-coil 

acidic 

31 

GC-10* 

W-coil 

acidic 

30.5 

GC-28 

RVC 

basic 

7.4 

GC-09‘=' 

W-coil 

acidic 

8.8 

GC-29«''* 

W-coil 

Isasic 

4.9 

■  fi" -alumina  tube  lead  acetate  treated. 

Without  oxygen-getter  in  the  sodium  electrode. 
(21  New  S" -alumina  tube. 

■*  First  1000  cycles. 


From  Table  2  it  is  cleeur  that  the  cell  with  the  RVC 
current  collector  has  three  times  lower  resistance 
than  the  one  with  the  tungsten  coil.  Also,  of  the  two 
identical  cells  the  one  containing  initially  a  basic 
melt  shows  =  50%  lower  resistance  than  the  one 
containing  an  acidic  melt. 

The  laboratory  cells  contain  mainly  moisture  as 
an  impurity.  However, for  engineering  cells,  in 
addition  to  moisture,  other  inpurities  (e.g.  Fe,  Cr, 

Ni  from  stainless  steel)  cam  be  generated  by  the 
reaction  between  the  vapors  of  the  melt  containing 
sulfur (I)  and  the  top  flange  or  the  nickel  gamket 
during  chairge/discharge  and  introduced  into  the  melt. 
For  example,  the  cell  resistance  for  the  cell  MC-06 
increased  rapidly  with  cycling  mainly  due  to  the  atove 
mentioned  reaction  in  which  components  of  the  steel 
flange  (Fe)  were  introduced  into  the  melt  causing  an 
increase  in  resistance.  However, for  the  cell  MC-07, in 
vdiich  the  top  flange  was  nickel  coated,  the  cell 
resistance  increased  much  slower  with  cycling  than  for 


Cell  MC'06.  The  chaurge/discharge  studies  flowed  a 
relatively  low  decrease  in  capacity  with  cycling.  FOr 
exaople,  for  one  cell  8%  decrease  in  capacity  after 
126  cycles  and  20%  decrease  after  571  cycles, were 
observed.  The  observed  decrease  in  the  cell  capacity 
is  expected  from  the  reaction  of  sulfur  ccnpourads  with 
the  t<p  flange.  Poet  mortem  analysis  of  the  cells 
shcwea  the  presence  of  metals  (Fe,Mi)  in  the  melt  as 
well  as  of  sulfur  and  chlorine  on  the  lower  surface  of 
the  top  cover.  Most  of  the  chazge/dischaige  results 
were  obtained  with  the  engineering  cells  which 
enployed  conpressicn  type  of  seals.  However,  cells 
with  a  brazM  seal  were  also  constructed  and  their 
perfomance  was  evaluated.  Cell  resistance  for  these 
cells  began  to  increase  much  earlier  Uuui  for  other 
cells.  It  was  observed  that  the  cells  developed  a  leak 
on  the  melt  side.  The  cells  with  brazed  seal  enployed 
standard  materials  with  no  additional  surface 
protection  (e.g.  tungsten  coating);  the  seal  appeared 
to  be  affected  lay  the  cathode  materials.  Results  of 
the  studies  with  cells  utilizing  stainless  steel  and 
nickel  show  that  these  materials  are  less  conpatible 
than  vAiat  was  indicated  Icry  the  static  coipatibility 
studies. 

All  cells  with  fractured  S"-edumina  will  show 
zero  resistance.  We  studied  several  low  capacity  cells 
where  the  fracture  of  &"-aliinina  caused  only  a  small 
tenperature  ijicrease(50^) .  Normally,  short-circuiting 
of  a  cell  will  not  result  in  cell  failure.  Deep- 
discharge  and  overcharge,  and  freeze-thaw  also  h2ui  no 
effect  on  cell  perfozmance.  This  applies  to  both 
engineering  cells  etnd  laboratory  cells. 

For  the  cells  that  enployed  conpatible 
materiads( laboratory  cells)  it  was  cbeerved  (for 
exanple,for  Cell  GC-29  in  Figure  4)  that  with 
ccntinu^  cycling  the  cell  resistance  remained 
essentially  ccaistant,  between  4.5  and  SOcm’, until  the 
cell  underwent  more  than  2900  cycles. 


Figure  4  Dependence  of  the  Charge  and 
the  Dischau:ge  Resistances  of 
the  Cell  <3C-29  on  Cycle 
Number. 


Figure  5  shows  the  effect  of  overcharge  and  high 
current  density  on  the  cell  resistance.  The  results 
show  that  the  cell  overcharge  had  no  effect  on  the 
cell  resistance.  This  cell  was  frozen  four  times 
(during  cycles  #64, 1025, 2770, and  2841).  The  freeze- 
thaw  had  only  a  negligible  effect  on  the  cell 
resistcUTce.  The  maximum  current  density  passed 
through  this  cell  was  O.SSA/cm*. 
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Figure  5  Effect  of  Overcharge  and  High 
Current  Densities  on  the 
Resistance  of  the  Cell  GC-29. 


A  plot  of  power  delivered  vs.  current  density  is 
shown  in  Figure  6. 


0.10  030  0«  090 

Current  Density  {A/em* ) 


Figure  6  Dependence  of  the  Cell  Voltage 
and  Power  on  Current  Density 
for  the  Cell  GC-29 


The  results  show  that  the  maxinrum  power  delivered  was 
22. 5W  at  0.40A/arf.  ^  as. 

4)  High  enerqiy  cells 

All  the  cells  mentioned  so  far  Ijad  relatively  low 
concentrations  of  sulfur {S/A1=0. 14) thus  their 
theoretical  capacity  was  low.  In  the  Na/S(IV) 
chlo^luminate  cell  the  solvent  (AlClj/NaCl  melt) 
participates  in  tlie  charging/discliarging  reactions.  Its 
ccnposition  dianges  from  tjasic  conposition  in  the 
dischcirged  state  to  acidic  conposition  in  the  fully 
charged  state .  Final  Lewis  acidity  depends  cn  the  sulfur 
concentration  and  the  starting  melt  conposition.  High 
sulfur  concentration  results  in  a  high  melt  acidity  in 
the  fully  charged  cell.  The  coulombic  capacity  of  these 
cells  can  be  increased  by  adding  more  sulfur  to  the 
melt.  It  appears  that  the  highest  AlCl,/NaCl  conposition 
that  can  be  reached  in  practice  lies  between  ^b/25  mole% 
and  80/20  mole%  AlClj/teCl. 


Two  types  of  high  aiergy  cells  Na/S(IV)  in 
AlClj/NaCl  can  I*  built  depending  on  the  melt 
conposition  in  the  totally  distnarged  state 
I)  cells  that  operate  almost 
exclusively  in  acidic  melts 
II)  cells  that  operate  partly  in  basic 
and  partly  in  acidic  melts. 

Type  II  cells  can  achieve  significantly  higher  capacity 
tnki  Type  I  cells.  Type  II  cells  contain  an  excess  of 
sulfur,  -therefore  the  sulfur  in  the  cathode  ccnpartment 
is  only  pourtly  oxidized.  The  capacity  density  of  these 
cells  can  be  as  lii^  as  0.253rfi/cni^  vrtiile  for  Type  I 
cells  c^oacity  density  is  limited  to  =0.164Ah/cm’.  Haice 
overcharge  of  such  a  cell  causes  oxidation  of  excess 
sulfur.  The  useful  energy  density  of  the  cathode 
ccnpartment  for  Type  II  cell  is  80%  greater  conpared  to 
the  standard  cell (S/A1=0. 14)  .  Both  Type  I  and  Type  II 
laJooratory  cells  were  built  and  operated.  Their 
diarge/discharge  efficiency  has  been  99%.  The  average 
OCV  of  a  Type  I  cell  was  sli^tly  higher  than  the 
average  CX:v  of  a  Type  II  cell.  On  the  other  hand  the 
cell  resistance  for  Type  II  cell  is  higher  than  for  Type 
I  cell.  Type  I  cell  achieved  a  resistance  (5.80ai?) 
vdiich  was  ccnparable  to  other  previously  studied  cells. 

Conclusions 

Engineering  cells  Na/S"-alumina/S  (IV)  in  AlClj/NaCl 
melts  liave  been  designed  and  their  performance  tested. 
Two  types  of  seal  design  were  utilized:  1)  with 
conpressicn  seal,  2)  with  brazed  seal.  Materials 

conpatibility  studies  were  also  performed.  High  capacity 
cells  were  constructed  and  their  electroohanical 
cliaracteristics  determined  as  well. 

It  was  ietermined  that  both  stainless  steel  and 
nidcel  are  iotadced  jay  the  cathode  mix  with  time.  The 
stainless  steel  is  attadced  more  readily  thain  nicdcel. 

However,  tungsten  and  RVC  are  conpatible  with  the 

cathode  mix.  Tungsten  coating  can  be  utilized  for  the 
protection  of  nicdcel  aind  stainless  steel. 

Cha^e/discha^e  studies  have  shown  that  the  cell 
resistance  increases  with  cycling  due  to  the 
introduction  of  inpurities  (Fe,  Ni) .  However, the  cell 
resistance  in  laboratory  cells  is  not  affected  for 
thousands  of  cycles .  The  lowest  resistance  obtained  for 
one  cell  was  4 .  SQcrrf  virile  the  maximum  disdiarge  current 
passed  through  this  cell  was  0.55A/citf.  The  naximum 
power  delivers  was  22. 5W  at  0.40Vcnf .  Capacity  daisity 
of  liigh  energy  cells  can  be  as  high  as  0.253Ah/cm’. 

Finally,  based  on  above  results  it  appears  that  the 
cell  Na/S"-alumina/S(IV)  in  AlClj/NaCl  melt  can  meet 
requirements  for  applications  in  electric  vehicles. 
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Introduction 

Eagle-Picho^  Industries,  Inc.  (EPI)  has  been  actively 
involved  in  the  development  of  Sodium-Sulfur  technology 
since  1986.  During  this  time  the  cell  technology  has 
improved  and  evolved  significantly  to  the  point  that  complete 
battery  systems  are  being  tested.  Most  of  the  effort  has  been 
directed  toward  aerospace  applications,  however,  the 
technology  learned  is  directly  applicable  to  terrestrial  uses. 
The  specific  energy  achieved  for  single  cells  is  in  excess  of 
ISO  W-h/kg.  Detailed  herein  is  a  brief  description  of  cell  and 
battery  construction  followed  by  cell  and  battery  test  results 
showing  the  advancement  of  So^um-Sulfur  technology. 

Cell  Construction 

All  cells  are  of  the  central  sodium  design  meaning  that 
the  cathode  container  has  to  resist  the  corrosiveness  of  the 
sodium  polysulfides.  Container  designs  utilized  have 
employed  either  molybdenum  or  stainless  steel  with  chrome 
plating.  The  stainless  steel  containers  have  demonstrated  over 
12,000  cycles  and  the  molybdenum  containers  will  cycle 
indefinitely. 

Cell  sizes  have  ranged  fi'om  10  Ah  through  5S  Ah  with 
emphasis  on  40  and  55  Ah  sizes.  Cell  designs  have 
incorporated  various  build  parameters  which  insure  proper 
cathode  mixing  and  sodium  availability  at  the  zero  g 
environment  of  a  spacecraft. 

Of  particular  importance  to  the  design  of  a  Sodium- 
Sulfur  battery  is  consistent  cell  performance.  This  is 
accomplished  by  controlling  the  construction  of  the  cell  and 
its  components.  The  p”  -  AI2O3  electrolyte  tubes  have  been 
investigated  extensively'.  The  development  efforts  have 
contributed  significantly  to  EPI’s  understanding  of  the 
electrolyte  attributes  necessary  to  ensure  that  performance 
goals  are  achieved  by  the  completed  cell.  The  electrolyte 
inspection  techniques  incorporated  in  the  EPI  Sodium-Sulfur 
cell  manufacturing  process  include  destructive  and 
nondestructive  tests.  The  end  result  of  the  manufacturing 
control  is  very  consistent  cell  performance. 

Cell  Performance 
Test  Equipment  Setup 

The  cycling  regime  and  data  acquisition  are  computer 
controlled  for  all  testing.  The  temperature  is  monitored  by 
the  tester  but  is  controlled  by  temperature  controllers  with 
back-up  temperature  protect  circuitry.  The  cells  are 
connected  to  the  Data  Acquisition  System  (DAS)  via  a 
voltage  lead  and  a  minimum  of  one  thermocouple.  During 
cycling  the  computer/DAS  will  scan  the  cells  at  10  second 
intervals  to  determine  if  any  cells  are  falling  out  of  the 
current,  voltage  or  temperature  limits.  Figure  1  shows  a 
typical  print-out  of  the  information  summarizing  a  test  cycle 
for  four  (40  A  h)cells.  Below  the  graph  in  Figure  1,  two  lines 
of  information  per  cell  are  printed.  The  upper  line  reflects  the 


charge  data  and  die  bottom  line  is  the  discharge  data.  The 
resistance  is  shown  in  milliohms.  The  graph  depicts  the  cells 
in  the  discharge  mode  at  the  left,  folio  ved  by  an  open-circuit 
mode  for  thirty  minutes  and  then  the  charge  regime. 
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Figure  I.  Typical  print-out  of  cell  summary  test  data. 


Cell  Test  Data 

Figure  1  shows  the  test  data  for  4  cells  on  cycle  252  being 
charged  at  a  constant  current  of  25  amps  to  a  cut-off  voltage 
of  2.5  volts.  The  test  equipment  is  set  to  bypass  each  cell 
whenever  it  reaches  this  cut-off  voltage  or  a  specified  time. 
All  four  cells  of  figure  1  reached  the  cut-off  voltage  at 
approximately  the  same  time  resulting  in  an  average  of  23.8 
Ah  per  cell.  Figure  2  shows  the  test  results  for  the  same  four 
cells  on  the  next  cycle  (253)  with  a  constant  potential  charge 
averaging  21.5  amps  to  a  cut-off  voltage  of  2.5  volts.  With 
the  constant  potential  charge  none  of  the  four  cells  reached 
the  cut-off  voltage  and  the  charge  was  terminated  by  time  (70 
minutes).  This  resulted  in  approximately  5%  more  capacity 
being  returned  to  the  cells  (25. 1  Ah  versus  23.8  Ah). 

With  both  types  of  charge  reflected  in  figures  1  and  2, 
the  cell  to  cell  variation  was  very  small.  This  has  been 
demonstrated  in  larger  groupings  of  cells  tested  at  EPI  and  is 
very  important  for  battery  construction^. 

The  40  Ah  size  cell  has  been  evaluated  at  EPI  over  a 
wide  range  of  discharge/charge  rates  with  the  performance 
continuously  being  improved.  Figure  3  shows  cell  voltage 
versus  state-of-charge  over  discharge  rates  fiom  10  amps 
through  40  amps  in  5  amp  increments.  Since  the  cell 
performance  has  proven  to  be  very  stable,  reproducible,  and 
consistent;  EPI  initiated  woiic  on  various  battery  designs  in 
1990.  This  work  has  been  accomplished  on  internal  funding 
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Figure  2.  Discharge,  open-circuit,  and  charge  profile  of  four 
40  Ah  cells  (constant  voltage  charge). 

and  to  facilitate  time  and  cost,  the  battery  constructed  has 
been  limited  to  designs  utilizing  four-cells. 


40  AH  CELL  PERFORMANCE 

VOLTAGE  VS  STATE-OF-CHARGE 
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Figure  3.  Cell  performance  at  different  discharge  rates. 

Battery  Construction 

The  battery  construction  consists  of  two  main  parts. 

The  first  is  the  cell  mounting  with  electrical  and  temperature 
monitoring  connections.  The  second  part  is  the  overall 
enclosure  with  heaters  and  thermal  insulation.  As  shown  in 
Figure  4,  the  cells  were  built  with  a  flange  on  the  opposite 
end  of  the  header  This  flange  was  bolted  to  a  ceramic  plate 
that  was  immediately  on  top  of  the  heater. .  The  header  end  of 
the  cell  was  constructed  with  a  threaded  fill  tube  which  also 
served  as  the  negative  terminal.  Each  cell  was  fitted  with 
three  thermocouples  to  assess  the  thermal  trensfer  within  the 
battery  enclosure.  Each  of  these  thermocouples  was  secured 
with  a  hose  clamp. 

In  addition  to  the  twelve  cell  thermocouples,  three  battery 
thermocouples  were  attached  within  the  insulated  enclosure. 

The  temperatures  throughout  the  battery  were  consistent  with 
no  heat  concentrations  in  any  one  area.  Initially  Pibes  (shown 
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in  Figure  4)  were  used  to  run  tiie  electrical,  thermocouple, 
and  heater  power  wires.  Ehie  to  heat  loss  through  fliis 
arrangement,  the  tubes  were  replaced  with  connectors. 


Figure  4.  Four  cell  battery  without  the  insulated  enclosure. 

The  thermal  enclosure  consisted  of  a  perforated  right 
cylindrical  frame  surrounded  by  100  continuous  wraps  of 
multifoil  insulation.  These  wraps  are  flush  with  the  top  of  the 
inner  shell  with  100  layers  of  multifoil  then  placed  on  top  to 
form  the  "roof.  A  stainless  steel  cover  was  placed  on  top  of 
the  iiuier  fiame  and  multifoil.  The  center  of  the  cover  had  a 
vacuum  cormector  welded  to  the  top.  This  allowed 
monitoring  of  the  vacuum  and  also  allowed  varying  the 
vacuum  to  change  the  thermal  transfer  qualities  of  the 
enclosure.  Table  4  shows  the  heat  loss  changing  with  respect 
to  the  amount  of  vacuum. 

Table  1.  Battery  neat  loss  data  (multifoil  insulation). 

Temp  f  Cl  Vacuum  Imillitorr)  Heat  Loss  (watts) 


300  none  43.77 

300  100  16-27 

300  190  15.83 

400  none  69.83 

400  140  24.80 


The  bottom  assembly  consisted  of  75  layers  of  multifoil 
insulation  with  a  top  layering  of  heavier  multifoil  (15  sheets). 
The  interface  of  the  bottom  and  top  cylinder  were  gasketed 
and  bolted  together.  This  allowed  easy  access  to  make 
modifications  to  any  internal  battery  components.  A  number 
of  different  insulation  materials  and  heaters  were  evaluated  in 
the  bottom  of  the  battery.  Figure  5  shows  the  thermal 
enclosure  with  the  battery  and  the  test  panel.  The  thermal 
enclosure  was  made  large  enough  to  evaluate  cells  np  to  100 
Ah  capacity. 


Figure  5.  Four  cell  battery  connected  to  test  equipment  and 
thermal  enclosure  removed. 


Battery  Performance 

Several  four-cell  batteries  have  been  built.  The  first 
battery  built  did  not  have  a  variable  vacuum  system 
incorporated  into  the  container  and  the  highest  discharge  rate 
achieved  was  40  amps  (C  rate).  Higher  discharge  rates 
resulted  in  the  internal  temperature  exceeding  the  upper  limit 
of400°C. 

The  battery  shown  in  Figure  4  was  discharged  to  60% 
depth  of  discharge  (DOD)  for  1000  cycles  with  no  loss  in 
capacity.  Each  cycle  consisted  of  a  discharge  of  48  amps  for 
.5  hours  and  a  charge  of  24  amps  for  70  minutes.  A  constant 
current  charge  was  used  and  rather  than  stopping  the  charge  at 
a  battery  voltage  of  10  volts,  the  charge  was  stopped  when 
any  one  cell  reached  2.5  volts.  This  meant  that  3  of  the  4 
cells  were  not  necessarily  charged  to  their  fullest  capacity  and 
after  iterative  cycles  could  be  losing  capacity.  However  the 
cells  performed  very  consistently  and  after  1000  cycles,  full 
capacity  of  the  battery  was  still  available.  It  should  be 


mentioned  that  during  the  1000  cycles,  no  conditioning  cycles 
were  used  to  revive  any  cells. 

During  the  100  minute  cycles,  the  heater  input  was 
monitored.  The  test  was  initiated  at  32S°C  internally  and  die 
heating  fi'om  discharge  was  such  diat  no  additional  heat  input 
firom  the  heater  was  necessary.  The  internal  temperature 
approached  400°C  during  discharge  and  during  charge  the 
temperahne  dropped  back  to  approximately  the  32S°C  initial 
temperature.  Thus,  no  heat  input  was  required  during  the 
charge  part  of  the  cycling  regime  either.  With  a  variable 
thermal  container,  a  wide  flexibility  in  rates  of  discharge  are 
possible.  With  a  fixed  amount  of  thermal  insulation  and  no 
mechanism  for  cooling,  the  Sodium-Sulfur  battery’s  rate  of 
discharge  is  restrictively  dependent  upon  the  thermal 
conductivity  of  the  battery  container. 

Conclusion 

Thermal  management  is  very  important  for  Sodium- 
Sulfur  batteries  but  the  cells  have  proven  to  be  very  resistant 
to  conditions  imposed  upon  them  within  a  battery.  All 
electrical  and  thermal  test  results  show  that  Sodium-Sulfur 
batteries  can  provide  major  improvements  in  spacecraft  power 
system  weight  and  volume  requirements.  Additional  testing 
related  to  the  spacecraft’s’  envirorunental  effects  are  needed 
but  the  low  cost  of  the  Sodium-Sulfur  battery  is  an  extra 
incentive  for  replacing  currently  used  Nickel-Cadmium  and 
Nickel-Hydrogen  batteries. 
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LITHIUM/BORON  ALLOY  AS  AN  ANODE  MATERIAL 
IN  PRIMARY  OXYHALIDE  CELLS 
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Wilson  Greatbatch  Ltd.,  Clarence.  NY 


Introduction 

Much  work  has  been  done  in  the  evaluation  and 
development  of  lithium  alloys  for  electrochemical 
applications.  While  the  focus  of  earlier  efforts  had  been 
largely  in  the  area  of  molten  salt  thermal  cells,  other 
studies  have  explored  the  use  of  alloys  in  both  primary 
and  rechargeable  lithium  systems. 

The  investigation  of  lithium-boron  alloys  in 
electrochemical  cells  is  believed  to  have  begun  in  1972  at 
the  Naval  Surface  Weapons  Center  where  the  alloy 
evolved  from  research  in  high-strength  structural 
materials.^  Subsequent  to  this  initial  report  which 
described  the  properties  of  the  alloy  as  an  anode  in 
molten  LiCI/KCI  eutectic  electrolyte,  a  more  complete 
analysis  of  lithium-boron  systems  was  offered  by  Oallek  et 
al.2  and  James  and  DeVries.^ Mixtures  ranging  from 
50-90  atomic  percent  lithium  were  studied  by  differential 
scanning  calorimetry^,  and  results  suggested  that  at  high 
lithium  concentrations,  a  two-phase  material  comprising 
LiyBe  and  pure  lithium  existed.'*  The  high  lithium  alloys 
were  found  to  be  malleable  and  thermally  stable  to 
temperatures  approaching  600°C.  Szwarc  et  al.^  further 
studied  the  use  of  lithium-boron  alloys  in  thermal  cells  and 
described  the  properties  of  the  alloy  at  thermal  battery 
operating  temperatures  as  being  that  of  liquid  lithium 
immobilized  by  a  porous  Li7Bg  matrix. 

The  high  thermal  stability  of  lithium-boron  alloys  suggests 
that  it  may  be  possible  to  develop  primary  cells  with 
enhanced  safety  characteristics  and  reasonable 
discharge  performance.  Holmes  ^  explored  the  use  of  a 
68  weight  percent  alloy  in  Mn02  cells  utilizing  a  PC/DME 
electrolyte.  Although  the  alloy  displayed  reasonable 
discharge  performance,  it  was  found  to  generate  a  highly 
pyrophoric  discharge  product.  The  anode  remains 
reportedly  auto-ignited  in  air,  thus  severely  limiting  the 
potential  of  this  system. 

Wilson  Greatbatch  Limited,  in  conjunction  with  NASA,  has 
studied  the  use  of  lithium-boron  alloys  in  Li/BCX  primary 
cells.  The  use  of  an  inorganic  electrolyte  system  was 
thought  to  offer  the  potential  of  increased  cell  safety  while 
avoiding  the  production  of  pyrophoric  discharge  products 
associated  with  the  use  of  an  organic  electrolyte.  Efforts 
included  an  examination  of  the  reactivity  of  the  Li-B 
anode,  and  safety  and  performance  evaluation  of  spirally 
wound  D  cells  utilizing  the  alloy  as  a  negative  electrode. 

Experimental 

The  lithium-boron  alloy  i  id  during  this  investigation  was 
obtained  from  Cyprus  Foote  Mineral  Company. 
Compositions  ranged  from  43  to  44  weight  percent  lithium 


(<><Li7Be).  The  material  was  quite  malleable,  and 
demonstrated  handling  characteristics  similar  to  pure 
lithium  metal.  Spirally  wound  D  size  test  cells  were 
constructed  using  the  Li-B  alloy,  along  with  control  cells 
employing  pure  lithium.  BCX  depolarizer,  consisting  of 
SOCI2  with  dissolved  BrCI  and  1.1 3M  LiAICU,  was  used 
throughout  the  experiment.  The  cell  design  yielded  an 
electrochemical  surface  area  of  223  cm^.  Cell  testing  was 
performed  under  both  constant  resistive  load  and  pulse 
discharge  conditions.  Temperature  effects  on  cell 
performance  were  evaluated  for  each  series  of  tests.  For 
the  pulse  testing,  the  SARSAT  regime,  consisting  of  a 
50mA  background  load  with  2A,  0.5  sec.  pulses  applied  at 
50  sec.  intervals  was  used. 

Results 

Constant  Resistance  Discharge 

Cells  were  discharged  through  resistive  loads  of  1 ,  5,  20, 
75,  and  301 Q  under  room  temperature  conditions.  Figure 
1  presents  a  performance  comparison  of  the  Li-B  cells  vs. 
the  lithium  anode  samples. 

FIgur*  1. 

Capacity  va.  Rata  Compariaon  oi  LI  and  U/B  Alloy  BCX  D  Calla. 
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This  plot  reveals  that  the  Li-B  alloy  cells  deliver  only  =°50% 
of  the  capacity  provided  by  the  control  group  cells.  Based 
on  the  average  anode  mass  present  in  each  cell,  the 
results  here  indicate  a  57%  utilization  of  the  lithium 
incorporated  in  the  Li7Be  alloy. 

Further  evaluation  was  performed  by  discharging  cells 
through  a  range  of  temperatures  from  50  to  -55°C  under  a 
constant  ID  load.  Results  expressed  as  a  plot  of 
temperature  vs.  delivered  capacity  appear  in  Figure  2. 
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FIgur*  2. 

Capacity  va.  Tamparatura  Comparlaen 
ol  LI  and  U/C  Alloy  BOX  D  Calla. 


The  expected  relationship  between  capacity  and 
temperature  is  displayed  by  the  curve  depicting  lithium 
anode  performance.  The  alloy,  however,  provides 
relatively  consistent  capacity  values  throughout  the  range 
of  temperatures.  Noteworthy  is  the  observation  that  as  the 
performance  of  standard  Li/BCX  diminishes  at  -40°C  and 
below,  the  alloy-containing  ceils  actually  provide  better 
capacity. 

Additional  information  regarding  the  variable  temperature 
performance  of  these  systems  is  offered  as  voltage  vs. 
temperature  comparisons  in  Figure  3. 

Figure  3. 

VoHigd  VI.  TMiptraiuri  Compirlion 
at  Ll  and  Ll/B  Alloy  8CX  C  Colli. 


■  60  -40  -20  0  20  40  60 

Tomporituro  (°C) 


Figtin  4. 

Li>B/BCX  Micliirgo  at  IQ,  0*C 


When  compared  with  the  Li/BCX  curve  (Figure  5) 
gathered  under  the  same  discharge  conditions,  it  is 
apparent  that  a  ainning  voltage  comparison  may  paint 
only  a  partial  picture  of  actual  cell  performance. 

nguro  5. 

LI/BCX  Dltchorg*  it  IQ,  0°C. 


Capoelly  (Ahrt) 


It  should  be  noted  that  the  shape  of  the  Li-B  anode  curve 
(Figure  4),  showing  a  step-wise  discharge,  is  consistent 
with  the  findings  of  Larrick  ^  when  the  alloy  was  employed 
in  a  molten  electrolyte  cell. 

Pulse  Discharge  Testing 


The  discharge  temperature  sensitivity  of  the  Li-B  anode 
cells  is  again  demonstrated  in  this  plot.  At  0°C  and  below 
the  Li-B  cells  provide  a  small  voltage  improvement  over 
the  control  group,  with  voltage  decreasing  quickly  as 
temperature  increases.  Examination  of  voltage  at  half 
capacity  may  be  misleading  due  to  the  shape  of  the  Li-B 
alloy  discharge  curve.  Rgure  4  represents  the  discharge 
profile  for  the  0°C  discharge  at  m,  and  clearly  illustrates 
the  sloping  curve  characteristic  of  these  cells. 


Pulse  testing  was  performed  on  both  Li-B  alloy-containing 
test  cells  and  BCX  D  control  cells  according  to  the 
SARSAT  regime  described  previously.  A  range  of 
temperatures  from  50  to  -55°C  were  also  employed  during 
this  phase  of  the  evaluation.  The  plot  of  temperature  vs. 
time  to  the  1 .5V  cutoff  shown  in  Figure  6  summarizes  the 
results  of  the  pulse  evaluations. 
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FIguri  I. 

Ptrftinntnct  Comparlaon  of  LI  vi.  Li/B  Alloy 
BCX  0  CKIl  Undor  SARSAT  PulM  Roglmo. 


Tomporoturo  (C°) 


Performance  trends  that  were  seen  during  the  constant 
resistance  discharge  testing  also  seem  to  persist  under 
these  pulse  conditions.  The  Li-B  alloy  cells  continue  to 
display  poorer  behavior  as  test  temperature  increases.  At 
the  low  end  of  the  temperature  spectrum,  reversal  of  this 
performance  is  seen  and  substantiates  the  observations 
made  upon  examination  of  Figure  2. 

Safety  Testing 

Crush  and  puncture  tests  were  performed  on  both  groups 
of  cells.  In  all  cases  the  cells  vented  and  burned  as  a 
result  of  the  action.  No  clear  difference  in  the  severity  of 
these  events  based  on  the  anode  material  contained  in 
the  cell  could  be  made. 

In  response  to  the  observations  made  by  Holmes  s 
regarding  the  pyrophoric  nature  of  Li/B  anode  residue, 
cells  were  disassembled  after  discharge  and  examined. 
Anodes  extracted  from  these  cells  failed  to  react  in  air  at 
humidity  levels  of  0.5%  RH  or  75%  RH.  Contact  with 
water  induced  activity  similar  but  slightly  less  vigorous 
than  that  of  pure  iithium.  Upon  exposure  of  the  depleted 
Li-B  alloy  anode  to  a  direct  flame,  the  remaining  iithium 
was  consumed,  but  the  residue,  presumably  boron,  failed 
to  burn  further. 

Conclusions 

Although  the  Li-B  alloy  demonstrated  performance  equal 
or  better  than  Li/BCX  cells  at  temperatures  below  -20°C, 
capacity  degraded  rapidly  with  increasing  temperature. 
This,  along  with  the  sloping  discharge  profile,  suggests 
that  the  Li7Bg  alloy  is  not  suitable  as  a  direct  replacement 
for  iithium  in  primary  oxyhalide  cells.'  Safety  aspects  of 
cells  containing  the  alloy  do  not  appear  to  differ 
appreciably  from  standard  lithium-containing  samples.  In 
contrast  to  previous  work  in  organic  electrolyte  systems, 
the  residue  present  at  the  anode  after  discharge  in  an 
oxyhalide  system  does  not  appear  to  be  pyrophoric. 
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Abatcad 

Our  low-rate  lithium/thionyl-chloride  "D“  cell  is 
required  to  provide  power  continuously  for  up  to  10 
years.  The  cell  was  designed  at  Sandia  National 
Laboratories  and  manufactured  at  Eagle-Picher 
Industries,  Joplin,  Missouri.  We  have  conducted 
accelerated  aging  studies  at  elevated  temperatures  to 
predict  long-term  performance  of  cells  fabricated  in 
1992.  Cells  using  l.OM  LiAlCl4  eIectrol3rte  follow 
Arrhenius  kinetics  with  an  activation  energy  of  14.6 
Kcal/mol.  This  results  in  an  annual  capacity  loss  to  self¬ 
discharge  of  0.13  Ah  at  25°C.  Cells  using  a  l.OM 
LiAlCl4*S02  electrolyte  do  not  follow  Arrhenius 
behavior.  The  performance  of  aged  cells  from  an  earlier 
fabrication  lot  is  variable. 

Introduction 

Sandia  National  Laboratories  designs  cells  and 
batteries  for  high  reliability  weapons  applications.  Our 
low-rate  lithiu^thionyl-cliloride  "D"  cell  is  required  to 
provide  power  continuously  for  up  to  10  years.  The  cell 
was  designed  at  Sandia  and  manufactured  at  Eagle- 
Picher  Industries,  Joplin,  Missouri.  We  have  previously 
presented  data  demonstrating  the  excellent  safety 
performance  of  this  design.^  In  this  work,  we  present 
the  results  of  accelerated  aging  studies  that  predict 
long-term  cell  performance. 

Cell  Design 

The  active  surface  area  is  145  cm2.  The  cathode  is 
made  up  of  two  0.9  mm  thick  parts  lying  together  and 
acting  as  a  single  electrode.  This  allows  the  parts  to 
slide  upon  one  another  while  rolling  the  short,  squat 
spiral  stack.  In  addition,  the  outer  wrap  is  only  single 
thickness,  thereby  fully  utilizing  all  components.  The 
cathode  uses  a  50/50  Shawinigan  Acetylene  Black/Cabot 
Black  Pearls  blend  that  we  have  described  previously.2 
The  separator  is  a  Whatman  binder-free  borosilicate 
glass  fiber  mat.3  We  use  IM  LiAlCU  electrolyte,  and,  in 
this  study,  we  evaluate  SO2  as  an  electrolyte  additive  to 
mitigate  voltage  delay.  The  theoretical  capacity  of 
electrolyte  in  the  cell  is  19.3  Ah,  and  the  theoretic^  Li 
capacity  is  17.6  Ah.  At  discharge  rates  of  ^10  mA,  the 
cell  capacity  is  limited  by  the  capability  of  the  carbon 
cathode  to  accommodate  discharge  products.  The 
presence  of  excess  electrolyte  is  maintained  for  safety 
purposes,  i.e.  to  insure  that  the  cell  can  never  run  dry. 
The  presence  of  excess  Li  may  contribute  to  safety, 
particularly  during  over  discharge,  because  it  maintains 
a  stable  electrode  potential.  It  may  also  contribute  to 
retention  of  capacity  during  long  life  usage  because  the 
cell  can  afford  to  lose  some  Li  as  a  result  of  corrosion. 

To  achieve  long  life,  care  is  taken  to  purify  and  dry 
all  parts  as  well  as  is  practical.  The  electrolyte  is 


refluxed  in  the  presence  of  Li  for  at  least  four  hours. 
The  cathodes  are  dried  in  an  oil-free  vacuum  system  at 
175°C  and  30  microns  pressure  for  a  minimum  of  14 
hours.  The  remaining  cell  components  are  dried  in  a 
convection  oven  at  140°C  for  214  hours.  Cells  are 
assembled  in  a  dry  room  of  dew  point  less  than  -45°C 
and  filled  in  an  argon  atmosphere  glove  box. 

The  304L  stainless  steel  case  is  of  welded 
construction  and  uses  a  glass-to-metal  seal  of  CABAL- 12 
glass,  which  is  highly  resistant  to  corrosion  by  Li.4  The 
vent  mechanism  is  a  300  psi  rupture  pressure  burst  disc 
manufactured  by  BS&B  Safety  Systems.  Inc..  The  disc 
operates  on  a  frustum  reverse  buckling  principle,  and, 
as  the  metal  buckles,  it  tears  a  score  line  to  open  a  S/S' 
diameter  hole. 

Accelerated  Aging 

We  accelerated  the  self-discharge  reactions  by 
aging  cells  in  ovens  at  temperatures  from  30°C  to  60°C 
for  63  weeks.  At  the  end  of  the  aging  period,  each  cell 
was  discharged  at  25°C  under  a  50Q  load.  The  capacity 
loss  was  calculated  as  the  difference  between  the  fresh 
cell  capacity,  from  the  average  of  12  tests,  and  the 
capacity  of  the  aged  cell. 

Baseline  Cells:  l  .OM  LiAlCl^  Electrolyte 

A  plot  of  the  logarithm  of  the  capacity  loss  versus 
the  inverse  of  the  aging  temperature  yields  a  linear 
relationship.  Figure  1.  This  indicates  a  thermally 
activated  process  (Arrhenius  kinetics)  as  expressed  by 
the  formula:^ 

C  (t,  T)  =  Co  -  kote-E^ 

C(t,  T)  is  the  capacity  loss  at  time  “t”  and 
temperature  “T”,  and  the  capacity  loss  at  t=0  is  defined 
as  Co  =  0.  The  other  parameters  are  obtained  from  the 
least  squares  fit  to  the  data  as  shown  in  Figure  1. 
Substituting  these  parameters  in  the  general  equation 
results  in  the  following  relationship: 

C  (63  weeks,  T)  =  (7.719  x  l09)e(-'^339-2/r> 

The  value  for  E/R  =  7339.2  and,  using  R  =  1.987 
cal/°K-mol,  the  activation  energy  E  =  14.6  kcal/mol. 
Activation  energies  for  batteries  generally  fall  in  the 
range  of  5  to  15  kcal/mol.3  Therefore,  the  capacity  loss 
in  ^ese  cells  shows  a  relatively  strong  dependence  on 
temperature.  The  calculated  rate  of  capacity  loss  and 
the  ’  ’ration  factor  as  a  function  of  temperature 
(a;  linear  dependence  on  aging  time)  are 

tab  .)elow: 
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TABLE  1 


Temperature 

Loss,  Ah/year 

Acceleration 

Factor 

25  "C 

0.13 

1 

so"®?; 

0.19 

1.5 

4CPC 

0.42 

3.3 

5PC 

0.68 

6.7 

eorsc 

1.71 

13.3 

Electrolyte  Variation:  SOg  Additive 

Cells  from  the  same  lot  were  activated  using  1  M 
LiAlCl4*S02  electrolyte  and  tested  in  the  same  manner 
as  the  cells  without  the  SO2  additive.  The  fresh  cell 
capacity,  standard  deviation,  and  average  discharge 
voltage  were  imchanged  from  the  baseline  cells.  After 
aging,  the  cells  containing  SO2  showed  a  great 
variability  in  their  behavior,  especially  at  the  higher 
aging  temperatures.  For  example,  one  cell  aged  at  50°C 
delivered  almost  no  useful  capacity,  while  another 
delivered  more  than  14  Ah.  The  Arrhenius  plot.  Figure 
2,  shows  these  two  populations  of  data  in  comparison  to 
the  baseline  cells.  The  cells  containing  SO2  did  not 
behave  according  to  a  simple  thermally  activated 
process.  Instead,  some  of  the  cells  aged  very  well,  even 
better  than  the  baseline  cells,  while  others  experienced  a 
much  higher  rate  of  self  discharge.  We  believe  that  SO2 
in  the  electrolyte  inhibits  growth  of  the  passive  film  on 
the  anode,  as  measured  by  complex  impedance 
analysis.^  While  this  effect  helps  to  minimize  voltage 
delay,  it  may  also  allow  a  higher  rate  of  self-discharge  to 
continue.  VVe  do  not  understand  why  only  some  of  the 
cells  experience  the  higher  self-discharge. 

Earlier  Cells:  1990  Lot 

We  also  compared  cells  built  in  1990  with  those 
built  in  1992.  Data  from  1990  lot  cells  tested  in  the 
same  manner  as  described  above  are  superimposed  on 
the  1990  lot  data.  Figure  3.  Note  th  >  1990  lot  data 
points  show  much  greater  scatter,  b  their  average 

falls  very  close  to  the  1992  lot  c  ne  newer  lot 

implemented  improvements  in  rbon  cathode 
fabrication  and  drying  procedures  and  electrolyte 
purification  techniques,  for  example,  vacuum-diying  and 
refluxing.  These  changes  have  substantially  increased 
the  cell-to-cell  reproducibility. 

Summary 

We  have  demonstrated  that  our  baseline  1992  lot 
cells  undergo  a  self-discharge  loss  of  0. 13  Ah/year  at  an 
average  temperature  of  25'’C.  The  self-discharge 
reaction  is  thermally  activated,  i.e.  it  follows  Arrhenius 
kinetics.  This  behavior  implies  that  the  mechanism(s)  of 
self-discharge  do  not  change  over  the  temperature  range 
studied.  Therefore,  elevated  temperature  aging  provides 
a  rapid  means  of  predicting  the  self-discharge  losses  for 
long-term  applications.  The  cause  of  high  variability  in 
self-discharge  rate  for  the  cells  containing  LiAlCl4»S02 
electrolyte  was  not  determined.  Cells  produced  in  1992 
have  smaller  variability  than  those  produced  in  1990 
due  to  implementation  of  improved  process  controls. 
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SNL-LR-D  Cells 
Eagle-PIcher  Lot  #E92A01 
Aged  for  63  wks  at  30°C  -  60°C 


SNL-LR-D  Cells 
Eagle-PIcher  Lot  #E92A01 


3  3.05  3.1  3.15  3.2  3.25  3.3  3.35 


Temperature  (1/T  x  1  0^) 

Figure  2.  Arrhenius  Plot  Comparing  Cells  Activated 
with  1.0  M  LiAlCl4*S02/S0Cl2  Electrolyte 
to  tlie  Baseline  Cells. 
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Capacity  Loss  (Ah) 


SNL-LR-D  Cells 

Aged  for  60  -  63  wks  at  30°C  -  60°C 


Figure  3.  Arrhenius  Plot  Comparing  the  1990  Lot  Cells 
to  the  1992  Lot  Baseline  Cells. 
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Abstract 

A  battery  has  been  developed  which  can  satisfy  the  normal 
reserve  application  requirements  of  long  storage  life  and  high 
current  discharge  while  also  providing  long  active  life  and  high 
specific  energy.  The  3  pound,  40  in.^  battery  was  designed  to 
provide  a  maximum  of  seven  months  active  life  supporting 
pulses  of  3.75  amperes  at  voltages  over  8.0  volts  while  exposed 
to  temperatures  ranging  from  -35°F  to  +1 45°F.  In  this  paper,  the 
battery  design,  including  the  novel  design  characteristic  of 
isolating  individual  cells  while  still  using  a  common  electrolyte 
reservoir,  will  be  presented.  Also  presented  is  data  obtained 
during  environmental  testing,  both  pre  and  post  activation,  as 
well  as  performance  data  during  various  temperature  cycles 
during  a  seven  month  discharge  and  capacity  data  at  select 
temperatures. 

Introduction 

The  subject  battery  was  developed  to  supply  power  for  the  Wide 
Area  Mine  (WAM)  family  of  remote  anti  tankArehicie  munitions. 
The  battery  was  designed  to  withstand  system  deployment  by 
ground  troops  using  various  delivery  methods. 

The  program  Statement  of  Work  contained  the  physical,  electri¬ 
cal,  environmental  and  safety  requirements.  Figure  1  contains 
a  very  abbreviated  list  of  these  requirements,  the  ones  that  were 
considered  to  be  “Design  Drivers”.  Figure  2  presents  the 
various  battery  chemistry  systems  considered  for  use  in  battery 
development  and  estimates  how  well  each  would  fulfill  the 
“design  driver”  requirements.  Based  upon  this  information,  the 
reserve  lithium  thionyl  chloride  (Li/SOCy  system  was  chosen 
for  the  development  program. 

Project  Objective 

To  Deliver  a  Battery  Capable  of  Meeting 
the  Requirements  for  WAM  Platform  Power 

Design  Drivers 

20  Year  Unactivated  Life 
Activation  @  -25°F 
7  Month  Activated  Life 

2.7  Pounds 

38.7  Cubic  Inches 

Figure  1  Objective/Design  Drivers 


WAM  Req. 

U/SOCi2 

Li-Alloy/FeS2 

Zn/AgO 

Storage  Life 

20  yrs 

20  yrs 

20  yrs 

10  yrs 

Activation  @  -2S°F 

Yes 

Yes 

Yes 

No 

Activated  Life 

7  Months 

7  Months 

60  Minutes 

24  Hours 

Watt  Hour^KG 

171 

171 

26 

23 

Watt^KG 

42 

42 

60 

200 

Figure  2  Alternative  Energy  Sources  for  WAM 


Battery  Development 

The  effort  to  develop  a  reserve  lithium  thionyl  chloride  battery  to 
satisfy  the  program  requirements  resulted  in  the  battery  design 
illustrated  in  Figure  3.  The  battery  is  essentially  a  40  in.^ 
cylinder  that  is  4.2  inches  in  diameter  and  2.9  inches  tall.  It  is 
nounted  to  the  WAM  unit  by  means  of  a  5.1  inch  diameter  .090 
inch  thick  baseplate,  which  also  contains  the  battery  vent 
mechanism.  Electrical  connections  for  battery  discharge  and 
igniter  firing  are  made  by  four  recessed  terminal  pins. 


Figure  3  WAM  Platform  Battery 


The  basic  internal  design  is  illustrated  in  Figures  4  and  5.  The 
battery  contains  four  series  connected  horseshoe  shaped  ceils 
surrounding  the  cylindrical  electrolyte  reservoir.  Celt  electrical 
connections,  venting  mechanisms,  and  electrolyte  distribution 
tubes  are  located  in  the  ends  of  the  cells  (in  the  open  horseshoe 
area). 


Figure  4  WAM  Battery  Design 
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Figure  5  WAM  Reservoir  Design 

Battery  activation  is  initiated  by  an  electrical  pulse  applied  to  the 
igniter  which  fires  the  gas  generator.  The  expanding  gas  moves 
the  piston  which  pressurizes  the  electrolyte  in  the  resen/oir, 
breaks  the  containment  burst  diaphragm  and  then  forces  the 
electrolyte  into  the  individual  cells.  The  piston  continues  to 
move  until  the  leading  nub  enters  the  common  manifold  and 
seals  the  cell  electrolyte  distribution  tubes.  When  the  piston 
reaches  full  travel,  the  lock  ring  expands  into  a  mating  groove  in 
the  reservoir  wall,  assuring  that  the  distribution  tubes  remain 
closed  during  the  battery's  active  life  and  that  the  piston  remains 
locked  in  place  during  all  required  environmental  conditions. 

Safety  concerns  were  addressed  at  all  stages  of  cell  and  battery 
development.  The  efforts  were  focused  on  preventing  cell  and 
battery  internal  short  circuits  and  providing  mechanisms  to 
control  cell  and  battery  responses  to  abuse  conditions.  Figure 
6  provides  a  listing  of  safety  features  that  were  incorporated  into 
the  cell  and  battery  designs.  Measures  utilized  to  greatly  reduce 
the  chance  of  internal  cell  short  circuits  included  solid  electrode 
substrates  (for  burr  reduction),  over-sized  separators,  opti¬ 
mized  component  stack  compression,  internal  baffles  (to  buffer 
electrolyte  entry)  and  slag  barriers  (to  prevent  weld  debris  from 
entering  the  cell  stack).  As  a  secondary  mesure,  a  100%  cell 
capacitance  check,  performed  during  vibration,  was  employed 
as  a  measure  of  design  to  actual  production  efficiency.  Design 
measures  incorporated  to  control  response  to  abuse  conditions 
included  the  placement  and  sizing  of  both  cell  and  battery  vent 
mechanisms  and  the  connecting  vent  channel. 

Cell  Level 

Solid  Electrode  Substrates 
Oversized  Separator 

Balanced  Cells  with  Optimized  Compression 

Electrolyte  Baffle 

Slag  Barrier 

Venting  Mechanism 

100%  Screening  (Capacitance) 

Battery  Level 

Equal  Electrolyte  Distribution 

Vent  Mechanism 

100%  Screening  (Capacitance) 

Figure  6  Design  Incorporated  Safety  Features 


Transportation  (49  CFR  173.185) 

Safety 

Dead  Short  Circuit 
10  Ampere  Short  Circuit 
Non-Activated  Incineration 
Activated  Incineration 
Environmental 

Thermal  Shock  (-46X  to  7i°C) 
Non-Activated  Shock  (600g  i  .4  ms) 
Activated  Shock  (isoog  os  ms) 

Loose  Cargo  Vibration 
(Activated  and  Non-Activated) 

Performance 

Capacity  (-32“C  .24°c  .60°C) 

Mission  Profile  (Cold  Cycle  210  days  total) 

Figure  7  Successfully  Completed  Tests 


Test  Results  and  Discussion 

Batteries  were  fabricated  and  subjected  to  safety,  environmen¬ 
tal.  performance,  and  transportation  tests.  Figure  7  provides  an 
abbreviated  test  summary  listing. 

Safety  testing  of  the  battery  design  focused  on  the  battery’s 
response  to  short  circuit  and  fire.  Subjecting  the  activated 
battery  to  external  dead  short  circuit  conditions  resulted  in  an 
open  cell  tab  within  10  seconds.  Subjecting  the  battery  to  an 
external  10  ampere  short  circuit  also  typically  results  in  an  open 
cell  tab  condition.  When  the  inactivated  battery  was  subjected 
to  an  open  flame,  the  battery  activated,  vented,  and  burned. 
Subjecting  an  activated  battery  to  the  same  open  flame  condi¬ 
tions  always  resulted  in  the  battery  exploding.  All  results 
obtained  were  within  design  expectations  and  were  considered 
acceptable. 

Environmental  testing  consisted  mainly  of  thermal  shock  to 
non-activated  batteries,  drop  shock  tests  of  both  activated  and 
non-activated  batteries,  and  loose  cargo  vibration  tests,  also  on 
both  activated  and  non-activated  batteries.  The  final  battery 
design  was  able  to  withstand  all  non-activated  testing  without 
premature  activation  or  other  damage.  No  activated  battery 
displayed  any  voltage  fluctuations  or  any  other  adverse  affect  to 
the  shock  or  vibration  conditions. 

Performance  testing  consisted  of  capacity  and  mission  profile 
tests.  Capacity  tests  included  storage,  activation,  and  dis¬ 
charge  of  batteries  at  -32°,  24°  and  60°C.  X-rays  of  the  batteries 
were  also  obtained  after  activation  to  verify  full  piston  travel  and 
lock.  At  all  three  temperatures  the  batteries  were  able  to  meet 
the  required  activation  time  limit  (500  ms,  maximum)  between 
first  voltage  and  8.0  volts.  Capacities  of  individual  batteries 
were  obtained  by  discharging  each  battery  at  the  appropriate 
temperature  at  a  constant  400  milliamperes.  All  batteries 
delivered  capacity  in  excess  of  the  minimum  requirement  at 
each  required  temperature.  Specific  capacities  obtained  per 
test  temperature  are  presented  in  Figure  8.  Long  term  mission 
profile  tests  were  performed  at  the  required  cold  and  hot 
deployment  temperature  cycles  while  the  batteries  were  dis¬ 
charged  in  accordance  with  the  program  power  profile.  This 
profile  included  pulses  at  rates  up  to  7.5  millliamps  per  cm^.  One 
battery  was  allowed  to  complete  the  entire  210  day  test  profile 
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at  the  cold  deployment  cycle,  after  whidi  it  delivered  3.2  ampere 
hours  during  a  residual  capacity  test.  The  total  capacity 
delivered  for  this  test  was  13.0  ampere  hours. 

The  transportation  testing  was  performed  in  accordance  with 
section  173.185of  CFR49.  Four  batteries  were  subjected  to  the 
altitude,  thermal  stability,  vibration,  and  shock  testing  per  para¬ 
graph  H.3.ii.  None  of  the  batteries  displayed  any  evidence  of 
outgassing,  leakage,  loss  of  weight  or  distortion. 


Temperature  (°C) 

Capacity  (Avg.) 

Requirement  (min.) 

-32 

11.9  AH 

1 1 .0  AH 

24 

14.6  AH 

14.0  AH 

60 

14.1  AH 

13.0  AH 

Figure  8  Capacity  Test  Summary 

Conclusion 

Eagle-Picher  has  designed  and  developed  a  reserve  lithium 
thionyl  chloride  battery  that  exhibits  not  only  the  long  non- 
activated  shelf  life  typical  of  reserve  batteries,  but  also  has 
demonstrated  a  210  day  activated  discharge  life  fully  capable  of 
supporting  7.5  milliamp^m^  pulses  at  any  time  during  this  active 
life.  Testing  on  this  3  pound,  40  in.^  battery  has  been  completed 
to  demonstrate  its  capability  to  meet  and  exceed  the  transpor¬ 
tation  safety,  environmental,  and  performance  requirements  of 
the  WAM  program.  Qualification  testing  and  production  have 
been  scheduled  for  middle  and  late  1994,  respectively. 
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UTILIZATION  OF  THE  TAGUCHI  APPROACH  TO  EXPERIMENTAL  DESIGN 
FOR  THE  ASSESSMENT  OF  SPIRALLY  WOUND  LITHIUM  OXYHALIDE  D  CEUS 

Pamela  J.  Size  and  Esther  S.  Takeuchi 
Wilson  Greatbatch  Lid.,  Claience,  NY 


IntmAirtinn 

The  Taguchi  Method  of  Experimental  Design  was  utilized 
to  parametrically  assess  the  effect  of  four  variables  in  ceil 
design  on  performance  and  safety  of  spirally  wound  lithium 
oxyhalide  D  cells.  This  approach  allows  for  the 
examination  of  many  variables  at  one  time  through  the  use 
of  fractional  factorial  designs.  The  information  collected 
through  such  experiments 's  maximized  while  the  amount  of 
treatment  combinations  is  a  fraction  of  those  required  of 
traditional  experimental  methods.  The  Taguchi  Approach 
was  first  introduced  into  the  United  States  by  Dr.  Genichi 
Taguchi  in  1980  when  AT&T  began  utilizing  his  method  at 
their  Quality  Assurance  Center.  Xerox  and  Ford  Motor 
Company  began  using  Taguchi  methods  in  1982.^  This 
approsKih  to  experimental  design  has  gained  popularity  in 
the  United  States  since  then,  and  has  been  used  at  Wilson 
Greatbatch  Ltd.  since  1988. 

The  main  structure  of  the  Taguchi  approach  involves  a 
three  step  method  which  includes  the  System  Design,  the 
Parameter  Design,  and  the  Tolerance  Design.  This  basic 
approach  can  be  applied  to  quality  control,  engineering, 
research  and  development,  and  problem  solving.  The 
System  Design,  which  is  the  first  step  in  the  process,  is 
generated  through  prior  knowledge  of  the  technology 
involved  and  is  the  phase  where  new  ideas  are  introduced. 
This  is  generally  thought  of  as  a  brainstorming  session 
where  the  factors  in  the  experiment  are  determined.  The 
next  step  in  the  process  is  the  Parameter  Design  which 
identifies  the  optimum  settings  of  the  controlling  factors  in 
the  experiment  and  defines  the  amount  of  variation  in 
product  performance  due  to  each  of  these  variables.  Latin 
Square  Designs,  or  fractional  factorials,  are  introduced  at 
this  phase.  The  third  phase  in  Taguchi  methodology  is  the 
Tolerance  Design  which  is  also  a  fractional  factorial  design. 
This  experiment  is  used  to  determine  the  tolerances  of  the 
critical  factors  defined  in  the  Parameter  Design.  For  each  of 
the  fractional  factorial  designs  utilized,  the  data  is  analyzed 
by  ANOVA  analysis  which  is  used  to  determine  the  main 
effects  and  the  percent  contribution  of  each  factor  in  the 
experiment. 


Experimental 

Experimental  Desian 

The  System  Design  for  this  effort  identified  the  four 
factors  to  be  studied,  which  were  the  electrolyte  type,  the 
electrolyte  concentration,  the  depolarizer  type,  and  the 
mechanical  cell  design.  The  Parameter  Design  which  best 
accommodated  these  four  factors  was  the  Li  8  Latin  Square 
Design.  This  experimental  design  requires  18  treatment 
combinations  and  can  accommodate  (7)  three-level  factors 
and  (1)  two-level  factor.  This  basic  design  is  illustrated  in 
Figure  1 .  Since  there  were  two  types  of  electrolytes,  and 


three  levels  of  each  of  the  other  3  factors,  a  mixed  level 
experiment  was  required. 

The  following  formula  illustrates  how  the  fractional 
factorial  design  reduces  the  number  of  treatment 
combinations  required  of  full  factorial  designs.  For  a  full 
factorial  design,  the  number  of  treatment  combinations  is: 

N-L‘  [1) 

where  L  -  #  of  levels 
and  f  >  #  of  factors 

For  an  experimental  design  with  mixed  levels,  the 
equations  is  modified  and  becomes; 

N  .  Li»  X  L2' 12) 


The  number  of  treatment  combinations  required  of  a  full 
factorial  experiment  which  would  address  this  study  is 
equal  to  3  3  x  2'  or  54  combinations.  This  is  equal  to  three 
times  the  amount  required  of  the  LI  8  matrix  when  no 
replications  are  made.  The  Latin  Square  Experiment 
reduces  the  number  of  treatment  combinations  while 
allowing  for  determination  of  main  effects,  %  contribution  of 
each  factor,  and  optimum  settings  of  each  factor  through 
ANOVA  analysis. 

Cell  Construction 

The  specific  Li  8  Parameter  Design  chosen  for  this 
experiment  is  illustrated  in  Figure  2.  The  factors  studied 
were  the  electrolyte  type,  LiAICU  (LAC)  and  LiGaCU  (LGC); 
the  electrolyte  concentration,  0.6M,  1.2M,  and  1.8M;  the 
depolarizer,  thionyl  chloride  (TC),  BrCI  in  thionyl  chloride 
(BCX),  and  chlorinated  sulfuryl  chloride  (CSC);  and  the 
mechanical  cell  design  which  differed  in  working  electrode 
surface  area;  cell  A  (123  cm^),  cell  B  (247  cm^)  and  cell  C 
(534  cm^).  D  cells  of  spiral  wound  construction  consisting 
of  lithium  anodes  and  carbon  cathodes  with  a  nonwoven 
glass  separator  material  were  used.  The  cells  were 
vacuum  filled  with  the  specific  oxyhalide  catholyte  and 
hermetically  sealed. 

Cell  Testing 

The  rate  capability  and  the  shelf  life  determinations  for 
these  cells  were  accomplished  through  1 A  and  3A  constant 
current  discharge  on  fresh  cells  and  cells  aged  for  one  year. 
The  cut-off  voltage  for  all  discharge  tests  was  2.0V.  A 
MACCOR  Model  3  test  measurement  system  was  used  to 
discharge  and  measure  the  cells.  The  temperature  of  each 
cell  was  monitored  by  individual  thermocouples. 
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The  safety  issues  were  addressed  under 
forced-overdischarge  (FOD)  conditions  at  1A  and  3A.  and 
high  rate  short  circuit.  The  FOD  test  was  performed  under  a 
constant  current  at  25±5°C  on  previously  discharged  cells 
that  had  remained  dormant  for  3±1  week.  Colls  tested  at  1 A 
were  on  test  for  16  hours  and  those  tested  at  3A  were  on 
test  for  5  hours.  ANOVA  analysis  was  conducted  on  the 
basis  of  a  rating  system  designed  to  assess  the  level  of 
physical  change  in  cell  containment  as  a  result  of  FOD.  The 
high  rate  short  circuit  test  was  conducted  at  a  constant 
resistive  load  of  0.3250,  with  the  cells  contained  in  a 
calorimeter.  The  heat  output  for  each  cell  was  determined 
and  analyzed  by  ANOVA  methods. 

Data  Analysis 

Lab  Partner  Software  from  Sof-Ware  Tools  was  used  for 
the  generation  of  the  experimental  design  and  the  ANOVA 
analysis  of  data.  Figure  3  illustrates  a  sample  ANOVA 
analysis  of  data  from  an  L1 8  design  similar  to  the  one  used 
in  this  effort.  The  ANOVA  analysis  involves  the  calculation 
of  the  sum  of  squares  in  the  experiment  and  the  individual 
factors,  including  the  error  in  the  experimental  procedure. 
The  ratio  of  the  variances  of  each  of  the  factors  to  the 
variance  of  the  error,  or  the  F-ratio,  is  used  to  determine  the 
confidence  level  for  each  factor.  A  pure  sum  of  squares  is 
calculated  based  on  an  assessment  of  the  amount  of  error 
in  the  experiment  due  to  each  factor,  which  is  either  added 
or  subtracted  from  that  factor's  actual  sum  of  squares.  From 
the  pure  sum  of  squares,  the  percent  contribution  is 
calculated  for  each  factor  based  on  its  fraction  of  the  total 
sum  of  squares  of  the  experiment. 

Figure  4  illustrates  a  sample  calculation  of  the  main 
effects  of  the  factors  in  the  experiment.  The  actual 
response  to  the  specific  performance  or  safety  test  is 
determined  for  each  of  the  factors  and  in  this  way  the 
optimum  settings  for  each  of  the  factors  is  determined. 

Results  and  Discussion 

Rate  Capability 

The  effect  of  each  factor  on  rate  capability  of  lithium 
oxyhalide  D  cells  was  determined  by  discharging  cells  of 
each  configuration  at  a  constant  current  of  either  1 A  or  3A  at 
25°C  and  comparing  the  operating  voltages  at  50%  DOD. 
Under  a  1A  discharge  regimen,  the  operating  voltage 
varied  from  3.07  to  3.47V,  which  was  affected  the  most  by 
the  mechanical  cell  design  (42%),  with  the  highest  surface 
area  design  providing  the  highest  voltages  (see  Figure  5). 
The  depolarizer  had  somewhat  of  an  effect  on  running 
voltage  (22%),  and  the  BCX  and  CSC  depolarizer  resulted 
in  higher  voltages  than  the  TC  depolarizer.  Figure  6 
illustrates  this  effect.  At  the  higher  rate  of  3A,  the  running 
voltage  is  affected  only  by  the  depolarizer,  and  CSC 
provides  better  high-rate  performance  than  the  BCX  and  TC 
depolarizers.  CSC  results  in  an  average  running  voltage  of 
3.26V,  compared  to  3.07V  and  2.97V  for  BCX  and  TC 
respectively. 

The  effect  of  each  factor  on  the  delivered  capacity  under 
both  the  1A  and  the  3A  constant  current  conditions  was 
determined.  Under  a  1A  rate,  the  capacity  was  affected  the 
most  by  the  electrolyte  and  the  depolarizer.  Cells  with  LGC 


electrolyte  delivered  20%  higher  capacities  than  cells  with 
LAC  electrolyte.  This  factor  had  a  1 3%  contribution  to  the 
overall  variation  in  capacity.  The  depolarizer  contributed 
42%  to  this  performance  attribute,  and  the  cells  with  CSC 
depolarizer  delivered  the  highest  capacities.  There  were 
three  factors  affecting  the  capacity  at  3A.  The  depolarizer, 
the  electrolyte  concentration,  and  the  cell  design 
contributed  36%,  23%  and  20%  to  this  attribute, 
respectively.  The  CSC  depolarizer,  high  molarity 
electrolyte,  and  high  surface  area  anode  design  were 
favored. 

Shelf  Life 

The  effects  of  the  four  factors  on  shelf  life  were 
determined  by  discharging  fresh  cells  under  a  1A  constant 
current  at  25°C,  and  repeating  the  discharge  regimen  on 
cells  stored  for  one  year.  The  percerit  capacity  retention 
was  calculated  and  ANOVA  analysis  was  performed. 
Figure  7  illustrates  the  effect  of  the  electrolyte  type  on 
capacity  retention  after  one  year.  The  LGC  electrolyte 
resulted  in  an  average  capacity  retention  of  80.7% 
compared  to  32.5%  capacity  retention  for  the  LAC 
electrolyte.  The  three  other  factors  had  no  significant  effect 
on  capacity  retention. 

Forced  Overdischarge 

FOD  testing  at  1A  and  3A  and  25°C  was  done  both  with 
and  without  by-pass  diodes.  Immediately  following  the  test, 
the  cells  were  assessed  regarding  any  physical  change  in 
the  cell  containment.  This  assessment  was  performed 
using  a  rating  system  of  1  -  6,  which  ranges  from  no  change 
to  case  rupture.  The  data  was  then  analyzed  by  ANOVA, 
and  the  effects  of  the  factors  determined.  The  cell  design 
and  the  depolarizer  type  had  an  effect  on  cell  safety  to 
some  degree.  Cells  with  the  high  surface  area  design  and 
the  BCX  depolarizer  exhibited  the  least  amount  of  physical 
change  during  FOD. 

Short  Circuit 

The  effect  of  each  factor  on  the  short  circuit 
characteristics  of  D  cells  was  determined  by  measuring  the 
heat  output  during  short  circuit  and  completing  an  ANOVA 
analysis  on  the  data.  The  factors  having  the  most  effect  on 
heat  output  were  the  depolarizer  type  and  the  electrolyte 
concentration.  Figures  8  and  9  illustrate  these  effects.  The 
depolarizer  resulting  In  the  least  amount  of  heat  generated 
was  BCX,  contributing  22%  to  the  overall  result.  The 
electrolyte  concentration  contributed  to  30%  of  the  result, 
and  the  heat  output  increased  with  increasing 
concentration. 


The  Taguchi  approach  to  experimental  design  was 
utilized  to  assess  the  effects  of  four  cell  design  factors  on 
safety  and  performance  of  lithium  oxyhalide  D  cells.  This 
method  allows  for  analysis  of  the  four  factors  with  one-third 
of  the  treatment  combinations  of  full  factorial  designs. 
ANOVA  analysis  is  used  to  identify  the  important  factors  as 
well  as  their  percent  contribution  and  main  effects  on  the 
attribute  of  interest.  Additionally,  the  amount  of 
experimental  error  can  be  identified.  The  rate  capability. 
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shelf  life.  FOD.  and  short  circuit  characteristics  were 
determined  for  the  electrolyte  type,  the  depolarizer  type,  the 
mechanical  design,  and  the  electrolyte  concentration.  This 
study  indicated  LGC  electrolyte  had  the  most  significant 
effect  on  shelf  life.  The  rate  capability  was  affected  the  most 
by  the  mechanical  design  and  the  depolarizer.  The  high 
surface  area  cell  and  the  CSC  depolarizer  provide  the 
highest  running  voltages  at  high  rate.  The  safety  attributes 
studied  included  short  circuit  and  FOD  testing.  The  high 
surface  area  construction  and  the  BCX  electrolyte  resulted 
in  the  least  amount  of  physical  change  to  cell  containment 
during  FOD,  and  the  BCX  depolarizer  and  low  molarity 
electrolyte  enhance  cell  safety  during  short  circuit. 


The  National  Aeronautics  and  Space  Administration, 
Lyndon  B.  Johnson  Space  Center,  is  gratefully 
acknowledged  for  their  financial  support  of  this  effort  under 
Contract  No.  NAS  9-18395. 

References 

1.  T.B.  Barker,  Engineering  Qua'ity  by  Design,  Marcel 
Dekker,  Inc.,  1990. 


row/column->  1 


2 

1  1 


1  1 

2  2 


F  PURE 

FACTOR  Df  ISQ  VAR  RATIO  ISQ 


Number  of  experiments  =  54 
Sum  (experimental  values)  =  523.36 

Correction  Factor  =  5072.33 

Sum  of  Sq  (experimental  values)  =  320.62 

Figure  3.  ANOVA  Analysis 


FACTOR; 
LEVEL  1 
LEVEL  2 
LEVEL  3 


FACTOR: 
LEVEL  1 
LEVEL  2 
LEVEL  3 


A 

237.23 

286.13 


B  C 

179.05  159.19 

175.74  149.47 

168.57  214.70 

FABLE  (AVERAC 


MAIN  EFFEC 


;  ANALYSIS 


Quality  Characteristic:. ..the  bigger  the  better.. 


Factors  OptimunTSettings 
felec.  Type  lCC 

Cell  Design  A 

Dep.  Type  CSC 

Elec.  Cone.  1.8M 
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Figure  1.  LIS  Experimental  Design 


Figure  4.  Main  Effects  Analysis 
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Figure  2.  Parameter  Design 
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Figure  5  Effect  of  cell  design  on  running  voltage  of 
cells  discharged  at  1A  and  25'’C. 
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Figure  6  Effect  of  depolarizer  on  ninning  voltage  of 
cells  discharged  at  1A  and  25'’C. 
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Figure  8  Effect  of  depolarizer  type  on  heat  generated 
in  D  celts  under  0.3250  loads. 
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Electrolyte  Type 

Figure  7  Effect  of  electrolyte  type  on  capacity  retention 
after  1  year  at  25°C. 


Electrolyte  Concentration 

Figure  9  Effect  of  electrolyte  concentration  on  heat 
generated  in  D  cells  under  0.3250  loads. 
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Introduction 

The  many  unique  requirements  for  Navy  mines  have 
led  to  a  proliferation  of  battery  designs,  with  a  host  of  cell 
sizes  and  different  chemistries.  This  leads  to  low  procurement 
quantities,  and  subsequently  to  a  diminished  interest  by 
available  suppliers  and  increased  production  costs. 
Commercial  lithium  AA-size  cells  were  recently  evaluated  with 
the  objective  of  identifying  a  tow-cost  AA  cell  production  base 
that  would  meet  mine  battery  requirements.^  Our  goal  was 
to  replace  three  Hg-based  alkaline  cell  chemistries  and  still 
meet  the  power  needs  of  six  Navy  mines.  The  selected  cell 
chemistry  had  to  provide  excellent  voltage  regulation  and  long 
storage  life,  and  balance  the  need  for  high  current  pulses 
against  the  need  for  high  capacity  at  low  rate  discharge.  One 
essential  requirement  was  that  the  cell  had  to  be  non¬ 
magnetic.  Performance  testing  of  AA-size  cells  identified  the 
lithium-thionyl  chloride  (Li-SOCI])  chemistry  as  the  best  choice 
for  use  in  Navy  mine  applications.'  A  collaborative  effort  was 
undertaken  to  evaluate  and  improve  the  AA  cell  performance 
to  meet  specific  mine  battery  requirements.  This  paper  reports 
the  ECO  and  NSWC  development  of  a  nonmagnetic  Li-SOCI, 
AA-size  cell  and  the  effort  to  optimize  cell  performance  by 
employing  LiGaCl4  electrolyte.  The  Naval  Surface  Warfare 
Center  (NSWC)  together  with  EIC  Laboratories,  Inc.  are 
developing  lithium  ion-conducting  polymer  anode  films  to 
improve  storage  life  and  cell  startup.  This  study  will  be 
reported  at  a  later  date. 

Experimental 

The  AA  cells,  manufactured  by  ECO,  are  a  case 
negative,  hollow  core,  bobbin  design.  The  cells  contain 
2.1±0.1  Ah  of  lithium,  2.810.14  Ah  of  thionyl  chloride,  and 
-0.7g  SAB-KB  cathode  collector.  Cells  were  discharged  in 
sets  of  four  replicate  tests  at  a  constant  load  to  a  2.5V  cutoff 
at  constant  temperature  in  Tenny  enviror  nental  chambers. 
Room  temperature  (RT)  is  defined  as  20*  to  23‘’C.  After 
selection  of  the  best  electrolyte,  cells  were  discharged  in  sets 
of  three.  The  cells  discharged  at  -2'’C  had  been  equilibrated 
at  -2*C  for  several  days  prior  to  discharge.  Short-term  high 
temperature  storage  was  used  to  simulate  long-term  ambient 
storage. 

Results  and  Discussion 
Study  of  Gallium  vs  Aluminum  Salts 

Moderate  Rate  Performance:  Test  results  on 
commercial  AA-size  cells  revealed  that  performance  problems 
were  most  often  associated  with  "old  and  cold"  cells, 
especially  during  high  rate  or  pulse  discharge.  The  SOCij 
catholyte  proved  to  have  the  best  overall  performance  under 
these  conditions.'  The  capacity  of  spirally-wound  Li/SOCI, 
cells  under  high  rate  discharge  has  been  shown  to  be 
improved  by  employing  LiGaCI^  electrolyte.^'^  However,  no 
appreciable  improvement  was  observed  when  the  cells  were 


discharged  at  low  rates  of  1  to  2  mA/cm’.  In  contrast,  ftte 
data  in  Tables  1  and  2  show  the  beneficial  effects  of  LiGaCL 
when  modified  bobbin  AA-size  cells  were  discharged  at  a  175 
ohm  load  (-1  mA/cm*).  After  high  temperature  storage,  the 
average  capacity  of  cells  containing  the  Ga-based  electrolyte 
was  superior  to  cells  with  the  LIAICI4  electrolyte.  After 
storage,  the  RT  capacity  of  the  1 .8M  LiGaCL  cells  was  61% 
greater  than  the  corresponding  Al-based  electrolyte. 

Table  1 


The  effect  of  electrolyte  on  the  capacity  of  modified  bobbin 
AA-size  Li/SOCI,  cells  discharged  at  20  mA  and  -2*C 


Molar 

Cone. 

Fresh 

Stored  7  Days  at  70°C  | 

1.4 

1.60 

1.59 

1.06 

1.44 

1.8 

1.68 

1.70 

1.28 

1.59 

Table  2 

The  effect  of  electrolyte  on  the  capacity  of  modified  bobbin 
AA-size  Li/SOCI,  cells  discharged  at  20  mA  and  20*C 


Molar 

Cone. 

Fresh 

Stored  7  Days  at  70*C  | 

1.4 

1.73 

1.32 

0.99 

1.15 

1.8 

1.65 

1.59 

0.85 

1.37 

Effects  of  High  Temperature  Storage:  Since  the  shelf 
life  of  batteries  has  a  significant  impact  upon  the  logistics 
associated  with  Navy  mines,  the  improved  high  temperature 
storage  capacity  of  the  LiGaCl4  electrolyte  led  to  further 
evaluation  of  the  effect  of  storage  on  cell  capacity.  The 
capacities  of  LiGaCl4  cells  discharged  at  20  mA  are  shown  as 
a  function  of  storage  time  in  Table  3.  This  unexplained 
increase  in  capacity  after  storage  has  been  observed  in  #6- 
size,  hollow  core  bobbin  cells.*  Similar  behavior  has  also 
been  observed  with  LiAICL  cells  after  45  days.  (See  Table  5) 

Table  3 


The  effect  of  storage  time  on  the  average  capacity  of  1 .8M 
LiGaCl4  AA-size  cells  stored  at  70*C  and  discharged  at  20 
mA  and  RT 


Storage  (days 

0 

7 

14 

28 

56 

Capacity  (Ah) 

1.59 

1.37 

1.22 

1.50 

1.69 
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Salt  Concentration  Study:  The  effect  of  LiGaCl4 
concentration  on  the  capacity  of  AA  cells  as  a  function  of 
discharge  temperature  and  storage  is  shown  in  Table  4. 

Table  4 


The  effect  of  LiGaCl4  concentration  on  the  average  capacity 
of  AA  cells  discharged  to  2.5\/  at  20  mA  after  7  or  14  day 
storage  at  TO'C 


Molar  Concentration 

Temp, 
r  C) 

0.54 

1.40 

1.80 

2.20 

2.60 

Fresh 

1.08 

1.59 

1.70 

1.74 

1.67 

-2 

Fresh 

1.02 

1.32 

1.59 

1.65 

1.53 

20 

Stored 

1.15 

1.44 

1.59 

1.60* 

1.45* 

-2 

Stored 

0.88 
Lj  j  j  . 

1.15 

1.37 

1.51* 

1.41* 

20 

The  data  in  Table  4  show  that  the  2.2M  LiGaCU 
electrolyte  provided  the  best  overall  cell  capacity.  The  LiGaCl4 
cells  delivered  greater  capacity  at  -2“C  than  at  20‘’C.  This 
behavior  was  also  observed  at  3  mA  when  discharging  cells 
from  another  manufacturer.* 

The  "best"  cells  (1.8M  LiAICl4  and  2.2M  LiGaCl4)  were 
also  examined  at  a  rate  characteristic  of  mine  battery 
operation,  i.e.,  at  3  mA.  Table  5  compares  cell  capacities  as 
a  function  of  discharge  temperature  before  and  after  storage. 

Table  5 


The  average  cell  capacity  (Ah)  to  2.5V  for  AA-size  cells 
containing  LiAICl4  and  LiGaCl4  discharged  at  3  mA 


Temp. 

(“C) 

Fresh 

Stored  at  66°C*  j 

1.8M 

LiAICU 

2.2M 

LiGaCl4 

1.8M 

LiAICl4 

2.2M  1 

LiGaCU  1 

-2 

1.67 

1.83 

1.54 

1.83  j 

20 

1.80 

1.75 

1.94 

1.83  j 

*  LiAICl4  cells  stored  45  days;  LiGaCl4  cells  stored  30  days 


In  contrast  to  the  high  rate  data  shown  in  Tables  1  and 
2,  the  Ga-based  electrolyte  shows  little  loss  in  capacity  at  the 
3  mA  rate  after  storage.  The  RT  capacity  of  cells  containing 
the  LiAICl4  increased  after  storage,  similar  to  the  behavior 
observed  with  the  LiGaCl4  electrolyte.  Cells  containing  1 .8M 
LiAICl4  stored  for  45  days  at  41°  and  54°C  also  delivered 
average  capacities  of  1.90  and  2.01,  respectively,  when 
discharged  at  a  3  mA  rate  at  RT. 

Start-Uo  Characteristics:  Even  at  very  low  rates,  the 
data  confirm  the  superior  low  temperature  performance  of  the 
Ga-based  electrolyte.  Thus,  the  2.2M  LiGaCl4  electrolyte  was 
selected  for  use  in  further  cell  development.  This  choice  was 


validated  when  the  activation  times  of  cells  containing  LiAICl4 
and  LiGaCl4  were  examined.  The  start-up  characteristics  of 
fresh  1.8M  LiAlCl4  and  2.2M  LiGaCl4  cells,  discharged  with  a 
200  ohm  load  for  60  sec.,  are  shown  at  -2°C  and  RT  in 
Figures  1  and  2,  respectively.  When  discharged  to  meet  a 
mine  requirement  of  0.25mA  at  -54*C.  the  Ga-based  cells  also 
exhibited  a  faster  voltage  recovery.  After  48  hours  at  -54*C, 
the  Ga  cells  never  fell  below  3.2V.  The  Al-based  cells 
required  an  average  1 .5  minutes  to  reach  3.0V.  Fresh  Ga- 
based  cells  were  also  capable  of  activating  to  2.8V  within  5 
sec.  at  -2°C  and  to  3.0V  at  RT  under  a  27  ohm  load. 
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Figure  1.  Startup  characteristics  of  fresh  1 .8M  LiAICl4  and 
2.2M  LiGaCl4  cells  discharged  with  a  200  ohm  load  at  -2°C. 
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Figure  2.  Startup  characteristics  of  fresh  1.8M  LiAICl4  and 
2.2M  LiGaCl4  cells  discharged  with  a  200  ohm  load  at  RT. 
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High  Rate  Performance:  Mine  batteries  may  be 
required  to  provide  high-rate  pulses.*  The  cells  were 
discharged  at  -2*0  at  3  mA  for  about  50  hours  prior  to 
application  of  a  pulse  with  a  9  ohm  load..  The  Al-based 
electrolyte  cells  provided  a  275  mA  peak  current  at  2.5V.  The 
Ga-based  cells  provided  315  mA  at  3.0V. 

The  capacity  of  commercial  SOCI,  AA  cells  was 
evaluated  to  meet  a  requirement  for  cells  to  deliver  0.4  Ah  at 
50  mA.*  Power  Conversion,  Inc.  (PCI)  and  SAFT  France 
bobbin  cells  met  the  50  mA  requirement.  The  capacity  of  PCI 
and  SAFT  cells  containing  Al-based  electrolyte  are  compared 
with  the  capacity  of  2.2M  LiGaCl4  cells  to  2.5V  in  Table  6. 

Table  6 

Comparison  of  Al-based  and  2.2M  Ga-based  electrolyte  on 
the  capacity  of  AA-sized  cells  discharged  at  50  mA  and  -2^ 


1  Manufacturer 

Fresh 

Stored  45  days  | 

1 

(Al) 

0.89  Ah* 

0.72  Ah 

(41*0* 

SAFT 

(Al) 

0.94  Ah* 

0.95  Ah 

(41*0* 

.CO 

(Ga) 

1.24  Ah 

1.42  Ah 

(55*0 

'Capacity  to  2.0V:  additional  data  are  reported  in  reference  5 
Performance  of  Optimized  Gallium  Cell 

Discharge  and  Pulse  Characteristics:  Cells  containing 
2.2M  LiGaCl4  electrolyte  were  subjected  to  the  following  peak¬ 
load  tests:  9  ohms  for  100  sec.  (PI),  27.5  ohms  for  100  sec. 
(P2),  and  100  ohms  for  100  sec.  (P3).  The  cells  were  then 
discharged  at  three  temperatures  at  constant  load  in  sets  of 
three  celts  to  compare  low,  moderate,  and  high  rate  capacity. 
The  pulse  tests  are  indicated  by  P.  The  capacity  to  2.5V  is 
compared  to  the  capacity  of  an  additional  set  of  three  cells 
that  were  not  pulse  tested.  The  results  are  shown  in  Table  7. 

Table  7 


Cell  Safety  Tests:  Safety  testing  was  performed  in 
triplicate  on  2.2M  LiGaC^  cells  after  90  days  storage  at  RT 
and  55*C.  On  short  circuit,  a  maximum  current  of  2.5A  and 
a  maximum  temperature  of  100*C  were  observed.  No 
ventings  occurred.  Cells  were  discharged  at  a  constant 
current  of  50  mA  into  voltage  reversal  for  150%  of  the  rated 
capacity  without  venting.  No  venting  occurred  upon  charging. 
Heating  abuse  tests  resulted  in  cell  ventings  between  250* 
and  290*C.  All  cells  vented  from  the  positive  end  of  their 
casings. 

Prototype  Battery  Tests:  Three  mine  batteries, 
composed  of  AA  cells  containing  the  2.2M  LiGaCl4  electrolyte, 
have  been  built  by  ECO  and  NSWC  Crane.  Preliminary 
testing  has  been  completed  at  MWEA,  Yorktown  and  NSWC, 
White  Oak.  All  three  battery  prototypes  from  ECO  performed 
well  under  heating  abuse  tests.  After  performing  low  and  high 
frequency  vibration  and  two  phase  shock  tests,  all  three 
battery  prototypes  delivered  the  rated  RT  cell  capacity. 

Summary 

A  nonmagnetic  AA-sized  Li-SOCI,  cell  has  been  developed  to 
meet  the  battery  requirements  of  a  variety  of  Navy  mine 
systems.  Test  data  show  the  performance  of  cells  has  been 
improved  by  employing  a  Ga-based  electrolyte.  The  ECO 
modified  bobbin  design,  containing  2.2M  LiGaCl4  electrolyte, 
has  superior  capacity  at  50  mA  at  low  temperature  when 
compared  to  commercial  cells  containing  Al-based  electrolyte. 
Tests  performed  to  date  on  three  different  prototype  batteries 
have  met  environmental,  abuse,  and  RT  performance 
requirements. 
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1  Current 

Fresh 
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-2*C 

20*C 

50”C 

-2"C 

20“C 

50"C 

50  mA 
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1.78** 
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1.79 
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P3 
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Abstract 

We  have  developed  a  lithium  thionyl-chloride  cell 
for  use  in  a  high  rate  battery  application  to  provide 
power  for  a  missile  computer  and  stage  separation 
detonators.  The  battery  pack  contains  20  high  surface 
area  “DD”  cells  wired  in  a  series-parallel  configuration 
to  supply  a  nominal  28  volts  with  a  continuous  draw  of 
20  amperes.  The  load  profile  also  requires  six  squib 
firing  pulses  of  one  second  duration  at  a  30  ampere 
peak.  Performance  and  safety  of  the  cells  were 
optimized  in  a  “D”  cell  configuration  before  progressing 
to  the  longer  “DD”  cell.  Active  surface  area  in  the  “D” 
cell  is  735  cm2,  and  1650  cm2  in  the  “DD”  cell.  The 
design  includes  1.5M  LiAlCl4/SOCl2  electrolyte,  a 
cathode  blend  of  Shawinigan  Acetylene  Black  and  Cabot 
Black  Pearls  2000  carbons,  Scimat  ETFE  separator,  and 
photoetched  current  collectors. 

Introduction 

The  customer  historically  has  used  a  Zn/Ag20 
battery  to  provide  power  to  the  missile  electronics. 
However,  the  system  design  team  required  a  lighter 
weight  battery  in  order  to  meet  new  missile  performance 
requirements.  While  a  primary  battery  system  does  not 
often  replace  a  secondary  bactery,  in  this  case,  if  the  new 
battery  could  provide  enough  capacity  to  complete  three 
launch  attempts  and  the  full  mission  flight  time,  then 
rechargeability  would  be  unnecessary.  In  addition, 
going  to  a  primary  battery  afforded  weight  savings  by 
eliminating  the  power  cables. 

We  proposed  an  active  lithium  thionyl-chloride 
battery  consisting  of  high  surface  area  “DD”  cells  to 
meet  the  system  requirements,  which  were  as  follows: 

*  Total  weight  of  less  than  15  pounds 

*  Provide  20  amperes  (20  A)  continuously  for  37 
minutes  (12.3  Ah)  to  power  the  computer  and 
stage  separation  detonators. 

*  Provide  six  pulses  of  one  second  duration  at  30 
A  to  fire  the  squibs. 

*  Provide  enough  excess  capacity  for  three  nine- 
minute  launch  attempts  (additional  9  Ah) 

*  Nominal  28  to  30  Volts 

*  Minimum  24  Volts 

Our  conceptual  design  of  this  battery  includes  20 
“DD”  cells  wired  in  two  parallel  strings  with  10  cells  in 
series  in  each  string.  Therefore,  each  cell  provides  10  A 
continuously  with  15  A  pulses,  and  total  capacity  of  10.7 
Ah.  Most  of  the  development  effort  in  this  program 
concentrated  on  the  cell.  Cell  performance  and  safety 
were  optimized  in  the  "D”  size  cell  configuration  because 
of  personnel  safety  concerns  and  available  materials 
conservation  issues.  Once  a  baseline  design  was 
established  using  the  "D"  cell,  the  development  then 
shifted  to  the  longer  "DD"  cell. 


Cell  Dfiaiga 

The  basic  cell  design  is  a  spiral  wound  construction. 
In  order  to  maximize  the  electrode  surface  area  we 
incorporate  two  cathode  plates  and  two  anode  plates  in 
each  cell.  The  electroljrte  is  1.5M  UAICU  in  SOCI2,  and 
a  large  excess  of  electrolyte  is  present  to  provide  heat 
sinking,  while  retaining  a  minimum  firee  volume  in  the 
cell  of  4  cc  for  the  "D"  cell  and  10  cc  for  the  "DD”  cell. 
The  cathode  uses  a  50/50  blend  of  Shawinigan  Acetylene 
Black  and  Cabot  Black  Pearls  2000  carbons  with  PTFE 
binder.  Each  cathode  plate  is  0.015”  thick,  to  be 
discharged  from  both  sides.  Cell  capacity  at  the  design 
rate  of  -6  mA/cm2  is  limited  by  the  practical  capacity  of 
the  carbon  cathode. 

Components  and  Specifications  for  “D”  Cell 

*  Li  theoretical  capacity  =  9.1  Ah 

*  Electrolyte  theoretic^  capacity  =  17  Ah 

*  Electrode  surface  area  =  735  cm2 

*  Current  density  =  6.8  mA/cm2  at  5  A 

Components  and  Specifications  for  “DD”  Cell 

*  Li  theoretical  capacity  =  17.3  Ah 

*  Electrolyte  theoretical  capacity  =  32.5  Ah 

*  Electrode  surface  area  =  1650  cm2 

*  Current  density  =  6.1  mA/cm2  at  10  A 

The  separator,  Scimat  ETFE  200/80/110 
microporous  membrane,  was  chosen  during  our 
preliminary  studies.  We  designed  photoetched  Ni 
current  collectors  in  order  to  provide  a  uniform  current 
distribution,  low  resistance  current  path,  and  to  avoid 
edge  biuTS  that  might  cause  shorting.  The  cell  case 
incorporates  a  BS&B  Frustum  Reverse  Buckling  (FRB) 
burst  disc  which  operates  at  300  ±  25  psi  with  a  0.375" 
opening  in  the  ”D"  cell  and  a  0.5"  opening  in  the  "DD" 
cell. 

Staniewicz,  et.  al.l>2  have  reported  the  design  of 
active  lithium  thionyl  chloride  batteries  for  demanding 
applications.  They  showed  that  ETFE  separator 
material  and  high  surface  area  carbons  enhance  cold 
temperature  and  high  rate  performance.  Our  “DD”  cell 
design  is  similar  to  theirs,  except  that  we  have  used 
longer  electrodes;  they  report  1185  cm2  of  effective 
interfacial  area. 

“D”  Cell  Test  Results 
Performance  Characteristics 

Performance  testing  was  conducted  in  order  to 
demonstrate  feasibility  and  choose  the  separator 
material,  electrode  surface  area,  and  electrochemical 
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balance.  The  baseline  design  was  established  after 
twelve  experiments.  Cells  were  insulated  during  the 
tests  to  simulate  the  battery  environment. 

Two  sample  tests  are  shown  to  illustrate  the  choice 
of  separator  material  and  the  baseline  design 
performance.  The  tests  were  run  at  5  A  constant 
ciurent.  A  thermocouple  was  placed  on  the  cell  case. 

Cell  #8,  Figure  1,  contained  Scimat  200/40/60 
separator.  Cell  #14,  Figure  2,  contained  Scimat 
200/80/110  separator.  The  200/80/110  separator  is 
thicker  than  the  200/40/60  separator  and  it  is  also  more 
porous.  Cells  using  the  200/40/60  material  consistently 
ran  hotter;  note  the  maximum  temperature  of  ISO^C  for 
cell  #8  versus  a  maximum  of  80‘’C  for  cell  #14.  In 
addition,  cell  #8  actually  had  slightly  higher  electrode 
surface  area,  yielding  a  current  density  of  6.2  mA/cm^ 
versus  6.8  mA/cm^  for  cell  #14.  Cell  #14  represents  the 
baseline  design,  which  supplied  7.7  Ah  at  an  average  of 
3.05  V  under  a  5  A  drain  rate,  and  was  used  for  the 
safety  and  abuse  tests. 

Safety  and  Abuse  Characteristics 

Safety  of  the  cell  and  performance  of  the  vent 
mechanism  were  characterized  by  two  tests  each  at  the 
following  conditions:  133%  overdischarge  (reversal), 
short  circuit,  charging  of  fresh  cells  and  charging  of 
previously  discharged  cells. 

Figure  3  shows  one  of  the  133%  overdischarge  tests 
(cell  #16).  Neither  cell  vented.  The  cell  skin 
temperature  stabilized  at  approximately  90°C  for  most 
of  the  voltage  reversal  portion  of  the  test.  Therefore, 
this  cell  design  is  extremely  resistant  to  overdischarge 
at  its  nominal  rate. 

The  short  circuit  tests  produced  venting.  The  cells 
ran  at  least  14  minutes  and  showed  a  steady 
temperature  rise  during  the  test.  Figure  4  (cell  #18). 
The  vent  operated  at  a  cell  case  temperature  of  <140°C. 
The  vent  mechanism  functioned  properly  by  providing 
controlled  pressure  release,  thereby  avoiding  molten 
lithium  and  rapid  cell  disassembly. 

Charging  of  previously  discharged  cells  caused  mild 
venting.  Charging  of  fresh  cells  produced  energetic 
venting.  Figure  5  (cell  #20).  The  weld  holding  the  cell 
bottom  to  the  can  was  tom.  Charging  of  these  cells 
should  be  prevented,  for  example,  by  diode  protection. 

“DP”  Cell  Test  Results 
Performance  Characteristics 

We  used  both  constant  current  discharge  and  the 
simulated  application  load  profile  to  characterize  “DD” 
cell  performance.  The  “DD"  cells  were  also  encased  in 
thick  pipe  insulation  d’’ring  the  experiments. 

The  cells  vented  during  constant  lOA  discharge 
after  70  to  80  minutes,  at  a  maximum  cell  skin 
temperature  of  130°C  to  135°C,  Figure  6  (“DD”  cell  #3). 
The  capacity  of  the  test  shown  was  11.9  Ah  at  an 
average  of  3. 15  V. 


The  cells  did  not  vent  in  six  tests  using  the 
application  load  profile.  Figures  7  and  8  (“DD"  cell  #8). 
The  profile  simulated  three  launch  attempts  and  the 
mission  flight  time  with  the  pulses.  The  launch 
attempts  required  10  A  for  nine  minutes  each,  and  were 
separated  by  rest  periods  of  10  minutes  duration  (real 
flight  attempts  would  likely  be  separated  by  >1  hour). 
The  mission  required  10  A  for  37  minutes,  plus  six  15  A 
pulses  equally  spaced  throughout  the  flight  time.  The 
maximum  cell  sldn  temperature  at  the  completion  of  the 
application  load  protile  was  only  100°C. 

Safety  and  Abuse  Characteristics 

Preliminary  short  circuit  tests  caused  the  cell  leads 
to  fuse  within  seconds.  No  venting  occurred.  Charging 
fresh  cells  produced  very  energetic  venting,  similar  to 
charging  the  “D”  cells. 

Our  program  was  terminated  before  the  cells  were 
fully  characterized  and  the  battery  tests  were  completed 
because  the  scope  of  the  missile  program  was  reduced. 

Summary 

We  have  developed  prototype  high  surface  area  “D” 
and  “DD”  cells  suitable  for  rates  up  to  5A  and  lOA 
continuous  current,  respectively.  The  “D”  cells  supply 
-7.7  Ah  at  5A,  and  may  be  overdischarged  at  least  150% 
without  venting.  The  “DD”  cells  can  only  run 
approximately  70  minutes  at  lOA  (-12  Ah)  before 
venting  occurs.  However,  this  is  a  safe  margin  for  the 
37  minutes  continuous  drain  required  by  the 
application. 
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Figure  3.  “D”  Cell  #16  133%  Over  discharge.  Figure  4.  “D”  Cell  #18  Short  Circuit.  Actual  current 

may  be  higher  than  shown  because  of 
uncorrected  line  losses. 
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Introduction 

In  1986  several  military  satellite  programs, 
concerned  with  a  growing  launch  system  performance 
deficit,  sought  ways  to  increase  the  satellite  weight 
delivered  to  final  orbit.  The  high  rate  lithium  thionyl 
chloride  primary  battery,  at  that  time  in  the  R  &  D 
demonstration  stage  was  identified  as  a  candidate  to 
replace  silver  zinc  batteries.  The  potential  for  nearly 
50%  reduction  in  battery  weight  was  significant. 

The  Air  Force  Space  and  Missile  Systems  Center 
(SMC)  awarded  two  prime  contracts  for  the  development 
and  qualification  of  a  battery  to  replace  the  250  Ah 
primary  silver  zinc  battery  utilized  on  the  Titan  IV 
Centaur  upper  stage  vehicle.  The  requirements/goals  for 
this  challenging  development  effort  are  shown  in  Table  I . 
This  paper  describes  the  successful  program  managed  by 
General  Dynamics  Space  Systems  Division  (GDSSD), 
who  selected  SAFT/France  through  a  competition  to 
develop  and  qualify  a  battery  for  flight. 


Table  1.  Requirements  and  Goals  for  Lithium 


Development  Program 


Dimensions 

10.8  X  13.3  X  13.4  inches 
(Direct  replacement  for  silver 
zinc) 

Weight 

68  lb  (Goal) 

Life 

6  Year  Storage  at  -18°C 

1  Year  at  5  to  32°C 

Voltage 

MVB 

26-32  V 

PLB 

>29.2  V  at  up  to  60  A 
(0-85%  capacity) 

>28.0  V  at  60-75  A 

Voltage  delay 

<10  msec 

Nameplate 

250Ah 

Safety 

ESMCR  127-1 

Qualification 

MIL  STD  1540b 

In  this  paper,  details  of  the  cell  and  battery 
development  program  are  provided  with  attention  focused 
on  challenges  faced  during  the  cell  and  battery 
development.  When  available,  references  are  provided 
for  further  information  regarding  certain  aspects  of  the 


cell  and  battery  development.  Specific  results  of 
cellcharacterization  and  battery  qualification  tests  have 
been  previously  published  (Refs.  1  and  2). 

Program  Overview 

Based  on  previous  SAFT  cell  designs,  a  scaled- 
up  cell  capable  of  meeting  the  requirements  in  Table  I 
was  developed.  The  Centaur  cell  is  a  cylinder  with  flat 
plate  construction  held  in  place  by  compression  and 
locating  rods  through  the  electrodes.  Figure  1  is  a  repre¬ 
sentation  of  the  basic  cell  design.  Each  cell  has  a  giass- 
to-metal  seal  that  comprises  the  positive  terminal  and  two 
nickel  feedthroughs  for  the  negative  terminals.  A  safety 
burst  disk  on  each  cell  precludes  catastrophic  failure. 


The  final  battery  configuration  contains  two  tiers 
and  is  shown  in  Figure  2.  The  structure  consists  of  a 
monolithic  aluminum  machined  housing  with  two  layers 
of  machined  cavities  for  the  cells;  the  top  layer  contains 
five  cells  and  the  bottom  layer  contains  four  cells. 
Mounting  legs  form  an  integral  part  of  the  structure. 

Documentation  and  configuration  control  were  an 
important  part  of  this  program.  Since  the  ultimate 
purpose  of  the  effort  was  to  develop  a  flight  qualified 
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battery,  this  control  system  was  in  place  prior  to  the 
Critical  Design  Review  and  was  maintained  through  the 
conclusion  of  qualification  testing. 

Safety  was  of  paramount  importance  in  the  ceil 
and  battery  designs.  The  safety  program  included 
detailed  procedures  for  handling  the  cell  and  battery  and 
extensive  safety  testing  at  the  cell  and  battery  level. 
Results  indicated  that,  with  proper  procedures  in  place, 
the  lithium  thionyl  chloride  high  rate  battery  can  be 
integrated  into  an  operational  environment. 


Figure  2.  9VLS250AM  battery  configuration. 


The  Centaur  lithium  thionyl  chloride  battery  has 
demonstrated  compliance  to  a  qualification  matrix  with 
only  minor  deviations  and  may  be  considered  for  use  in  a 
flight  application  (see  Ref.  2).  Additional  efforts  in 
satisfying  compliance  to  deviations,  system  integration, 
manufacturing  readiness,  and  flight  documentation 
release  await  user  identification. 

Cell  Development 

Several  significant  technical  challenges  were 
encountered  and  solved  during  cell  development.  These 
challenges  included  survival  of  transmitted  vibration 
levels,  electrode  tab  intergranular  cracking,  attaining 
voltage  performance,  meeting  storage  requirements,  and 
selection  of  burst  disks. 

Engineering  development  cells  were  built  to 
verify  the  ability  to  withstand  the  random  vibration  launch 
environment,  which  was  13.7  Grms-  applied  to  the 
battery;  the  cells  experienced  higher  transmitted  vibration 
levels.  The  initial  cell  design  underwent  revisions  to 
meet  this  environment.  Stress  relief  loops  were  added  to 


electrode  tabs,  locating  rods  were  introduced  and 
strengthened,  and  insulating  washers  were  inserted 
between  electrodes  to  stiffen  the  electrode  stack.  Current 
collector  bus  bars  were  also  modified  to  eliminate  sharp 
corners  and  doublers  were  added  to  high  stress  areas. 
Detailed  welding  schedules  were  developed  to  ensure  the 
integrity  of  the  bus-bar-to-electrode  tab  welds.  The 
resulting  cell  design  survived  the  required  vibration  and 
shock  environments. 

At  the  same  time  intergranular  cracks  were  found 
in  electrode  tabs.  After  extensive  work  (Ref.  3)  it  was 
determined  that  environmentally  assisted  stress  corrosion 
was  responsible  for  the  cracking.  The  intergranular 
cracking  had  safety  implications  and  was  therefore 
crucial  to  solve.  It  was  discovered  (Ref.  4)  that 
electrically  isolated  lithium  in  the  cell  environment  was 
subject  to  stripping  and  plating  due  to  lithium  ion 
concentration  gradients  formed  during  discharge.  If  a 
lithium  anode  became  electrically  isolated  from  the  stack 
due  to  intergranular  cracking  of  the  tab  connection, 
resulting  lithium  plating  could  form  an  internal  short 
circuit.  The  only  unintentional  cell  incident  that  occurred 
during  this  development  was  attributed  to  this 
phenomenon.  The  cell  exploded  during  discharge.  The 
mechanism  was  confirmed  by  intentionally  clipping  the 
anode  tabs  of  several  electrodes  in  a  test  cell.  The  test 
cell  was  then  discharged  identically  to  the  earlier  cell. 
The  test  cell  exploded  at  approximately  the  same  voltage 
and  discharge  capacity. 

As  a  result  of  analysis  and  testing,  it  was 
determined  that  the  intergranular  cracking  phenomenon 
could  be  precluded  by  redesigning  the  electr^e  substrate 
with  respect  to  the  orientation  of  the  grain  structure  in  the 
substrate  material,  which  was  determined  by  the  rolling 
direction  of  the  material.  Metallographic  examination  of 
the  cracked  tabs  indicated  that  cracking  occurred  only  in 
substrates  whose  tabs  had  grain  alignment  perpendicular 
to  the  length  of  the  tab;  no  cracking  was  found  in  tabs 
whose  grain  alignment  was  longitudinal  with  respect  to 
the  length  of  the  tab.  Once  this  redesign  was 
accomplished,  no  further  intergranular  cracking  was 
observed  and  no  other  safety  incidents  occurred. 

The  stringent  mission  unique  voltage  requirement 
of  29.2  V  at  up  to  60  A  was  difficult  to  meet.  Electrode 
surface  area  was  maximized  and  internal  cell  resistance 
was  minimized  while  maintaining  the  integrity  of  the  cell. 
Even  with  these  design  solutions,  it  was  found  that  the 
high  voltage  requirement  could  only  be  met  at  somewhat 
elevated  temperatures.  Figure  3  shows  cell  voltage  as  a 
function  of  discharge  current  at  ambient  temperature  and 
at  40  to  45°C.  In  order  to  maintain  battery  voltage  above 
29.2  V,  the  cell  voltage  must  be  at  or  above  3.3  V,  and 
the  temperature  therefore  must  be  at  least  40°C.  This 
temperature  also  provides  for  maximum  capacity,  as 
indicated  in  Figure  4.  The  baseline  operating  temperature 
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was  therefore  40°C  and  the  majority  of  cell  and  battery 
tests  were  carried  out  at  this  temperature. 


Figure  3.  Average  cell  voltage  vs  discharge 
current 


Figure  4.  Energy  density  vs  cell  temperature 


The  storage  requirements  at  low  temperatures 
(less  than  5°C)  have  been  demonstrated  for  up  to  one 
year.  On-going  testing  will  expand  that  data  base  and 
storage  times  at  -18°C  with  little  or  no  performance 
degradation  for  up  to  6  years  are  anticipated.  Storage  at 
ambient  temperature  has  been  demonstrated  for  up  to  8 
months,  and  it  is  anticipated  that  storage  at  ambient  for 
one  year  with  little  or  no  degradation  should  be  possible. 
However,  the  requirement  for  storage  at  higher 
temperatures  has  not  been  demonstrated.  Although  cells 
can  be  exposed  for  short  periods  to  32°C,  longer  exposure 


at  this  temperature  results  in  increased  voltage  delay  and 
decreased  capacity.  This  characteristic  requires  well- 
controlled  storage  conditions.  Further  work  will  define 
the  storage  envelope  in  terms  of  temperature  and  time. 

A  burst  disk  vent  of  13  bars  was  initially  selected 
to  meet  the  cell  thermal  and  safety  requirements. 
However,  cell-level  thermal  tests  were  performed  under 
anticipated  worst  case  hot  temperatures  which  resulted  in 
premature  vent  operation.  It  became  apparent  that  the 
pressure-temperature  relationship  of  the  electrolyte 
solution  under  these  conditions  was  not  well  understood. 
After  extensive  thermal  modeling  and  testing  to 
characterize  the  pressure-temperature  relationship,  a  burst 
disk  with  a  vent  value  of  22  bars  was  selected.  The 
higher  vent  value  permitted  safe  operation  under  all 
defined  requirements. 

Throughout  the  development,  a  total  of  39 
engineering  cells  were  tested  to  validate  design 
improvements.  To  characterize  the  cell  design  102  cells 
were  built  and  organized  into  a  test  matrix  to  measure 
performance  and  safety  under  various  mechanical, 
thermal,  storage  and  time  parameters.  Results  from  these 
tests  have  been  previously  published  (Ref.  1 ). 

Battery  Development 

Challenges  faced  in  the  battery  development 
included  structural  integrity  to  survive  vibration  and 
shock,  thermal  design  and  modeling,  and  voltage 
performance.  Much  of  the  battery  design  work  was 
carried  out  at  the  same  time  that  the  cell  design  was 
undergoing  refinement,  particularly  with  respect  to  the 
structural  and  thermal  aspects  of  the  cell  and  battery 
design,  where  the  designs  are  i'^'f^rdependent. 

Initially,  the  battery  lure  consisted  of  an 
aluminum  housing  with  nine  machined  cavities  to  which 
mounting  legs  were  attached.  The  entire  assembly  was 
rigidized  with  a  baseplate  to  which  the  mounting  legs  and 
housing  were  bolted.  This  structure  failed  initial  vibration 
tests.  Subsequently  the  battery  was  redesigned  with  the 
aid  of  extensive  finite  element  modeling  (Ref.  5).  The 
resulting  monolithic  aluminum  battery  structure  (Figure 
2)  both  survived  the  mechanical  environments  and 
minimized  the  transmitted  environments  to  the  cells.  The 
monolithic  structure  contributed  to  increasing  the 
specification  battery  weight  above  the  initial  requirement 
to  86  pounds.  However,  the  robust  structure  met  all 
requirements  for  vibration  and  shock. 

The  thermal  design  of  the  battery  took  into 
account  the  thermal  environment  of  the  launch  vehicle 
and  the  significant  heat  generated  by  lithium  thionyl 
chloride  cells  during  discharge.  Complicating  the  thermal 
design  was  the  fact  that  a  single  battery  was  developed  to 
meet  two  different  applications,  the  Centaur  Main 
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Vehicle  Battery  (MVB)  and  the  Payload  Battery  (PLB). 
Each  application  had  a  different  discharge  profile  and 
thermal  environment  associated  with  the  profile.  The 
thermal  design  had  to  maintain  minimum  temperature  to 
meet  the  voltage  and  capacity  requirements  while 
limiting  the  temperature  to  below  the  safe  operating 
temperature  with  respect  to  the  cell  burst  disk. 

Once  the  thermal  environment  for  the  battery  was 
thoroughly  defined,  the  heat  generation  characteristics  of 
the  cells  were  determined  and  the  thermal  characteristics 
of  the  battery  were  modeled.  Results  from  basic  research 
on  the  heat  generation  characteristics  of  lithium  thionyl 
chloride  cells  (Ref.  6)  were  combined  with  results  from 
the  Centaur  cell  characterization  tests  to  determine  their 
heat  generation.  Detailed  thermal  models  were  then 
developed  and  validated  by  thermal  vacuum  testing 
carried  out  as  part  of  the  battery  qualification  program. 

For  the  PLB  application,  which  had  the  higher 
voltage  requirement,  it  was  determined  that  an  inflight 
heater  was  required  to  maintain  minimum  temperature  in 
order  to  provide  the  minimum  voltage.  For  the  MVB 
application,  a  ground-only  heater  was  required. 

Thermal  vacuum  testing  representing  both  MVB 
and  PLB  applications  was  carried  out  under  worst  case 
hot  and  cold  conditions  (Ref.  7).  Test  results  indicated 
that  the  battery  met  most  requirements  over  the  range  of 
anticipated  thermal  environments.  All  requirements  were 
met  for  the  MVB  application.  For  the  PLB  application, 
however,  there  were  short  durations  where  the  voltage  fell 
short  of  the  requirements  by  0.5  V  or  less. 

During  the  battery  development  three 
Development  Engineering  Test  (DET)  batteries  were 
constructed  and  tested.  Twelve  qualification  batteries 
were  subsequently  built  and  successfully  tested.  One 
DET  and  five  qualification  batteries  were  subjected  to 
vibration  and  shock;  the  cells  in  five  of  these  batteries 
underwent  DPA  with  no  anomalies  found.  One  DET  and 
four  qualification  batteries  were  subjected  to  thermal 
testing;  with  the  exception  of  the  voltage  anomaly  for  the 
PLB  battery  indicated  above,  ail  thermal  requirements 
were  met.  Details  of  the  qualification  testing  are  given  in 
Ref.  2. 


Conclusion 

The  SAFT  model  9VLS250AM  lithium  thionyl 
chloride  battery  has  completed  a  program  path  from 
development  through  qualification;  the  battery  was 
qualified  to  all  of  the  Centaur  MVB  baitery  requirements. 
The  mechanical,  electrical,  environmental,  and  safety 
performance  has  been  demonstrated  through  testing  of 
over  1(X)  cells  and  15  batteries. 
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Introduction 

In  recent  years,  lithium/thionyl  chloride  cells 
received  special  interest  as  energy  power  source  for  use  in 
space  applications.  This  results  from  the  high  energy 
density  of  this  system  and  the  resulting  weight  saving 
which  has  a  direct  impact  on  mission  cost.  Moreover,  low 
self  discharge  rate  allows  for  performance  guarantee  even 
after  long  storage  time. 

To  develop  these  batteries,  difficult  requirements 
have  to  be  fulfil,  more  specifically  regarding  shocks, 
vibrations  and  thermal  environments.  In  1988,  SAFT 
began  the  development  of  250  Ah  cells  according  to  the 
specification  of  battery  an  US  booster. 

To  satisfy  voltage  requirements  in  a  large  range  of 
current,  batteries  are  made  with  nine  ceils  connected  in 
series.  Large  electrode  surface  is  realized  in  each  ceil  by 
multiple  electrodes  assembly  in  parallel.  A  detailed 
description  and  performance  of  the  SAFT  VLS  250  AM 
cells  and  9  VLS  250  AM  battery  have  already  been 
reported  For  reliability  and  decrease  of  internal 
resistance,  each  electrode  comprises  two  nickel  tabs  which 
are  then  welded  on  two  different  bus  bars  for  parallel 
assembly.  To  sustain  shocks  and  vibrations,  these  tabs 
have  a  bent  portion  acting  as  stress  relief. 

During  discharge  under  resistive  load  (0.33  ohm) 
after  vibration  test,  one  cell  (#227)  venting  violently  at  the 
end  of  discharge  when  its  voltage  reached  0.7  volts  after 
voltage  flucmations  beginning  at  1.7  volts.  The  discharged 
capacity  was  314  Ah. 

This  paper  presents  several  experiments  performed 
either  on  VLS  250  AM  cells  to  identify  the  origin  of  this 
safety  hazard  or  on  laboratory  cells  to  determine  the  failure 
mechanism  of  electrodes  stacks. 


Experiments  and  results  on  VLS  250AM  cells 
Cells  failure  analysis 

Two  other  cells  (#228  and  #229)  from  the  same 
batch  than  the  cell  that  vented  (#227)  have  been  vibrated 
and  then  discharged  to  0  volt  in  the  same  conditions 
without  problems.  DPA  of  these  cells  revealed  rupture  of 
several  anode  tabs,  breaking  being  located  more 
specifically  on  the  stress  relief  portion.  Safety  hazard  could 
not  be  directly  related  to  these  electrical  defaults. 


A  similar  cell  (#201)  was  discharged  in  the  same 
conditions  and  did  not  exhibit  any  problem.  This  cell  had 
not  been  submitted  to  vibrations  prior  discharge. 
Compared  to  the  cell  #227,  the  electrolyte  volume  in  cell 
#201  was  exactly  the  same  (743  cm^)  and  the  delivered 
capacity  was  327  Ah  compared  to  314  Ah  for  cell  #227. 
The  mean  discharge  voltage  was  3.3  volts,  ie  50  mV 
higher  than  mean  voltage  of  the  vented  cell.  This 
demonstrates  that  discharge  conditions  as  thermal 
environment  were  not  responsible  for  cell  internal 
temperamre  increase  and  thermal  runaway  at  the  end  of  the 
discharge.  DPA  of  this  cell  revealed  only  one  broken  tab 
on  an  anode.  Lower  voltage  during  discharge  with  cell 
#227  could  result  from  rupture  of  several  anodic  tabs  and 
higher  current  density. 

Different  hypothesis  have  been  proposed  to  explain 
the  anomaly  encountered  on  cell  #227: 

Hypothesis  one: 

Decline  of  electrolyte  level  and  lack  of  electrolyte 
with  stack  drying  in  the  top  zone  where  temperamre 
increases  due  to  higher  internal  resistance.  Lithium 
deposition  can  occur  and  creates  dendrites  that  bum 
off  due  to  shorting  or  increasing  heat. 

Hypothesis  two: (similar  to  hypothesis  one) 

Decline  of  electrolyte  level  and  lack  of  SOCI2  in  the 
top  zone  which  becomes  dry  and  whose  impedance 
increases.  This  zone  becomes  progressively  inactive 
and  expands.  Consequently,  current  density  increases 
in  the  bottom  part  of  the  stack  which  remains 
flooded.  This  zone  has  to  supply  most  of  the 
capacity.  That  implies  an  increase  of  lithium 
consumption  in  the  flooded  zone  which  becomes 
anode  limited  (because  of  a  progressive  increase  of 
current  density,  the  heat  effect  in  this  zone 
contributes  to  enhance  the  lithium  selfdischarge). 
Loss  of  contact  between  remaining  lithium  and  nickel 
foil  may  occur  and  leads  to  voltage  fluctuations.  The 
tighmess  of  the  contacts  between  lithium  and  nickel 
current  collectors  increases  with  possible  fusion  of 
lithium  (fuse  effect). 

Hypothesis  three: 

Short  circuits  due  to  separators  degradation  more 
particularly  by  the  end  of  discharged  when  stresses 
on  separators  are  increased  because  of  the  carbon 
electrodes  swelling  by  discharge  products.  In  this 
case,  stack  compression  during  cell  assembly  would 
be  one  of  the  factors  influencing  cell  safety. 
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Hypothesis  four: 

Rupture  of  both  stress  relief  on  several  anodes  or 
cathodes  which  are  insulated  from  the  others  (lower 
discharge  voltage).  That  implies  a  reduced  nominal 
lithium  capacity.  The  other  events  are  similar  to 
hypothesis  1  or  2  but  their  extend  increases  because 
of  the  loss  of  capacity  due  to  stress  reliefs  ruptures. 

Hypothesis  five: 

Rupture  of  both  stress  reliefs  on  anodes  or  cathodes 
(lower  voltage  during  discharge).  During  discharge, 
lithium  deposition  due  to  insulated  of  electrodes  (see 
explanations  given  thereafter  for  lab  cells 
experiments).  Because  of  heat  increase  at  the  end  of 
the  discharge,  chemical  reaction  of  the  dendrites  with 
SOCI2  with  heat  generation  may  occur.  Lithium 
dendrites  may  also  create  shorts  between  the  insulated 
anode  and  the  carbon  electrode  facing  it. 


Experiments  on  cells 

To  identify  the  cause  of  the  safety  hazard,  three  VLS250 
AM  cells  were  assembled,  each  of  them  having  a  different 
defect.  These  cells  have  then  been  discharged  but  have  not 
been  submitted  to  vibration  tests. 


Half  filled  cell  (#2351:  The  electrolyte  volume  of  this 

cell  has  been  reduced  deliberately  to  435  cm^ 
corresponding  to  a  SOCI2  capacity  of  278  Ah.  This  cell 
has  been  discharge  under  a  constant  current  of  42  A  with 
an  initial  discharge  temperature  of  10°C  (no  temperature 
regulation).  The  discharged  capacity  was  207  Ah  (cut  off 
voltage  of  2.8  volts)  and  the  temperature  of  the  cell 
alveolous  was  50°C  in  front  of  the  anodic  bus  bar.  This 
cell  has  been  overdischarged  at  the  same  discharge  rate 
during  hours  without  noticeable  event. 


Cell  with  increased  stack  compression  (#  269i:  The  stack 
of  this  cell  has  been  compressed  to  70  kg.  This  cell  has 
been  discharged  under  a  resistive  load  of  0.35  ohm  at 
10®C.  The  delivered  capacity  was  308  Ah  without  any 
anomaly  during  the  discharge. 


Cell  with  insulated  anodes  (cell  #2611:  In  the  stack  of  this 
cell,  three  anodes  have  been  electrically  insulated  by 
cutting  both  stress  reliefs.  These  anodes  are  located  in 
different  places  of  the  stack,  one  at  the  bottom,  the  second 
in  the  centre  and  the  last  one  at  the  bottom.  The  cell  has 
been  discharged  using  a  constant  load  of  0.35  ohm.  The 
cell  exploded  when  its  voltage  reached  2.92  volts  after  a 
discharged  capacity  of  314  Ah.  No  voltage  fluctuation  was 
observed. 


Conclusion  of  the  cell  tests:  These  tests  demonstrate 

that  the  most  probable  hypothesis  to  explain  cell  mil 
venting  is  the  rupture  of  both  stress  relief  on  an  anode.  In 
addition  to  the  cell  tests,  laboratory  cells  have  been  used  to 
study  electrochemical  mechanism  responsible  for  the 
creation  of  a  safety  hazard. 


Experiments  on  laboratory  cells 

Lab  cells  comprising  one  electrically  insulated 
anode  have  been  assembled.  These  cells  comprises  a 
limited  number  of  electrodes  connected  in  parallel.  One  of 
these  cell  assembly  is  represented  on  the  figure  1.  It  is 
made  of  disc  shape  lithium  anodes  and  carbon  electrodes. 
Glass  fibber  separators  are  placed  between  each  electrodes 
(same  materials  are  used  for  the  real  cells). 


anodes  - 

.  ■  _  cathodes 


Figure  1 :  Laboratory  cell  assembly 

In  each  case,  the  central  anode  is  electrically 
insulated  from  other  anodes.  The  cells  is  placed  in  an  open 
PFFE  cups  in  a  glove  box  under  inert  atmosphere.  It  is 
filled  with  electrolyte  (1.35  M  LiAlCl4,  SOCI2)  with  a  wet 
stand  time  of  5  minutes  before  discharged.  Discharge  is 
performed  under  constant  current  using  a  power  supply 
(Keithley  228 A). 


First  experiment:  This  stack  enclosed  an  insulated  anode 
as  illustrated  above.  It  has  been  discharged  under  16 
mA/cm^. 

After  the  discharge,  the  cell  has  been  disassembled 
for  examination  (the  cell  has  not  been  submitted  to 
overdischarge)  and  DPA  revealed  lithium  deposits  as 
mentioned  on  the  figure  2. 

Lithium  "  ^  PTFE 


deposit 

Discs 

t 

i 

. 

B  ■■■■ 

Figure  2:  Localization  of  lithium  dendrites  in  laboratory 
cell  after  discharge 
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Second  experiment:  To  demonstrate  the  mechanism 
occurring  on  an  insulated  anode  during  the  discharge  and 
to  ensure  inactivity  of  the  cathode  surfaces  facing  the 
insulated  anode,  PTFE  discs  have  been  added  between  the 
separators  and  the  carbon  surface.  The  central  anode  has 
been  electrically  insulated  from  the  two  others  as  in  the 
previous  experiment.  During  cell  DPA,  a  large  amount  of 
lithium  dendrites  deposit  has  been  observed  on  the 
insulated  electrodes  mainly  in  the  area  between  this  anode 
and  the  negative  bar.  This  deposit  impregnating  the 
separators  burned  in  air  during  hydrolysis. 


Discussion  of  experimental  results  on  laboratory  cells: 

The  electrochemical  mechanism  leading  to  a  lithium 
deposit  certainly  results  from  differences  of  the  lithium  ion 
concentration  at  the  surface  of  this  electrode. 

This  situation  is  presented  on  the  figure  3. 

During  the  discharge,  reduction  of  thionyl  chloride 
occurs  at  the  interface  of  connected  electrodes.  In  this 
region,  depletion  of  thionyl  chloride  occurs  and  promotes 
an  increase  of  lithium  ion  concentration  in  the  electrolyte. 
At  the  surface  of  the  insulated  anode,  in  the  region  facing 
the  carbon  electrode,  the  electrolyte  concentration  remains 
constant  (no  lithium  oxidation  occurs  due  to  electrical 
insulation  and  no  reduction  of  thionyl  chloride  on  the 
carbon  electrode).  At  the  periphery  or  near  the  anodic  bar, 
the  isolated  anode  can  be  in  contact  with  highly 
concentrated  electrolyte.  That  leads  to  create  at  the  surface 
of  the  insulated  electrode  two  region  with  different  lithium 
ion  concentrations.  This  concentration  cell  promotes  the 
corrosion  of  the  insulated  anode  (oxidation  reaction  on  the 
area  facing  the  carbon  electrodes)  and  lithium  deposit  at 
the  periphery  of  this  electrode  (reduction  reaction)  where 
the  electrolyte  concentration  is  high. 


Lf  >>  Li*o 


Figure  3:  Mechanism  of  dendrites  formation 

Conclusions  of  laboratory  experiments:  These  results 
clearly  demonstrate  the  possibility  of  a  lithium  deposition 
on  a  negative  electrode  when  electrically  insulated  from  the 
others.  If  the  lithium  deposit  is  important,  it  can  penetrate 
the  separator  layers  and  shorts  the  anode  and  carbon 
electrodes.  As  full  capacity  is  still  available  for  these  two 
electrodes,  a  thermal  runaway  can  occur  either  by  thermal 
effect  due  to  short  circuit  current,  dendrites  fuzzing  or 
burning. 

Recently,  explosions  of  Li/S02  cells  after  vibration 
have  been  reported  DPA  of  these  cells  clearly  revealed  a 
rupture  of  anodic  cold  weld  between  lithium  and  anodic 
strip.  The  authors  observed  lithium  dendrites  formation  on 


one  end  of  the  insulated  anode  and  lithium  corrosion  on  the 
other  parts.  This  phenomenon  is  supposed  to  create 
electrical  bridges  that  melt  due  to  current  flow,  creating 
the  possibility  of  very  localized  hot  spot  able  to  initiate 
highly  exothermic  reaction. 

These  results  are  very  similar  to  the  observations 
made  on  the  lithium  deposition  in  the  stack  that  have  been 
discharged  in  our  laboratory.  At  cell  level,  similar  lithium 
deposition  can  occur  creating  the  possibility  of  thermal 
runaway. 


Discussion  of  the  venting  of  one  VLS  2S0  AM  cell 

The  previous  results  show  that  the  simultaneous 
rupture  of  the  two  tabs  of  an  anode  is  responsible  for  cell 
venting.  This  venting  results  from  a  thermal  runaway  due 
to  lithium  dendrites  that  develop  on  the  insulated  anode. 
Once  this  phenomenon  has  been  identified,  the  mechanism 
of  tabs  rupture  must  be  smdied.  It  seems  to  occur  because 
of  environmentally  assisted  cracking  of  the  nickel  with 
metal  embrittlement  by  zero  valent  lithium.  This 
mechanism  has  been  widely  smdied  and  found  in  Li/SOCl2 
cells  on  the  nickel  tabs  connected  to  lithium  It  can  cause 
cell  premarnre  failure.  In  the  case  of  the  VLS  250  AM 
cell,  rupmre  of  brittle  nickel  tabs  by  vibrations  has 
certainly  be  amplified.  Modification  of  the  tabs  has  been 
made  and  no  venting  were  obtained  either  at  cell  or  battery 
level  even  after  shocks  and  vibrations. 


Conclusions 

Venting  of  one  VLS  250  AM  cell  during  discharge 
after  vibration  has  been  smdied.  It  has  been  found  that 
lithium  plating  was  responsible  for  a  thermal  runaway. 
Lithium  plating  results  from  the  creation  of  a  concentration 
cell  on  an  anode  which  became  electrically  insulated  from 
the  others  because  of  the  rupmre  of  its  two  nickel  tabs. 
This  defect  is  certainly  due  to  nickel  embrittlement  by 
environmentally  assisted  cracking  which  promotes  rupmre 
during  vibrations.  Modifications  of  the  tabs  have  been 
successful  and  no  such  defect  and  safety  hazard  were 
obtained. 
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Introduction 

TTie  accepted  discharge  reaction  for  the  Li/SOCl2  cell  is 
given  in  Equation  1. 

4Li+2SOa2  =  4LiCI  +  S  +  S02  W 

With  only  one  exception,  most  studies  carried  out  during  the 
past  IS  years  have  shown  that  the  entropy  change  is  negative  for  the 
Li/SOCl2  discharge  reaction  which  is  assumed  to  proceed  as  shown 
in  Equation  1  (1-9). 

The  accepted  discharge  reaction  (10)  for  the  Li/S02Cl2  cell 
is  given  in 
Equation  2. 

2  Li  +  SO2CI2  =  2  LiCI  +  SO2 

(2) 

Much  less  work  has  been  done  on  determining  the  sign  of  the 
entropy  change  for  the  sulfuryl  chloride  system,  and  part  of  the  work 
here  is  directed  toward  making  that  determination. 

At  constant  pressure  the  entropy  change  is  directly 
proportional  to  the  change  in  reversible  potential  with  temperature 
(dEp/dT).  In  our  investigation  the  change  in  OCV  with  temperature 
(dOCV/dT)  is  used  to  determine  the  sign  of  the  entropy  change  for 
the  discharge  reactions  given  above.  The  way  the  OCV  changes 
with  temperature  can  change  with  the  depth  of  discharge  if  one  or 
mote  of  the  reaction  products  resides  in  a  different  phase  than  it  did 
initially. 

In  this  investigation,  d(OCV)/dT  was  determined  on 
undischarged  and  partially  discharged  Li/SC)Cl2  and  Li/S02Cl2 
cells  by  simultaneously  monitoring  OCV  while  cooling  a  cell  in  a 
controlled  manner.  In  addition  to  yielding  information  about 
entropy  changes  in  the  cell,  in  certain  instances  this  procedure 
appears  to  lead  to  a  direct  observation  of  the  thermoneutral  potential 

(^Tw). 

Experimental 

In  our  work  a  simple,  rapid  non  steady  state  method  was 
used  to  determine  changes  in  entropy  from  d(0CV)/dT  values.  A 
type  K  thermocouple  is  spot  welded  to  the  outside  surface  of  a  test 
cell.  The  thermocouple  and  cell  voltage  outputs  are  fed  into  a  Fluke 
Model  2286A  data  logger  which  is  programmed  to  sample  at  one 
minute  intervals.  Ihe  cells  were  cooled  and  reheated  in  a  Blue  M 
temperature  chamber  programmed  to  ramp  from  24  at  a  rate  of 
0.5  °C  per  minute  to  -70  °C.  There  was  a  dwell  time  of  up  to  2 
hours  at  the  lowest  temperature  followed  by  a  return  to  24  ^  at  the 
same  programmed  rate. 


The  above  procedure  was  followed  on  both  undischarged 
and  partially  discharged  cells  of  both  chemistries.  The  Li/SOCl2 
cells  reported  on  here  used  0.5  M  LiAICl4  as  salt  and  were  built  in 
our  facility.  The  Li/S02Cl2  cells  were  "D"  size  from  Electrochem 
industries  designated  as  CSC  3B35  Cells.  In  addition  to  sulfuryl 
chloride  these  cells  are  reported  to  contain  small  additions  of 
chlorine.  The  presence  of  chlorine  is  not  believed  to  change  the 
nature  of  the  reaction  products  or  otherwise  change  the  main 
findings  of  this  investigation. 

Experimental  Results 

Using  this  procedure,  the  results  that  we  observed  for  a 
fresh,  undischarged  prismatic  Li/SOCl2  cell  are  shown  in  Figure  1 . 
This  is  a  plot  of  OCV  and  outside  cell  wall  temperature  as  a  function 
of  time  during  a  programmed  cooling  and  heating  cycle.  The 
temperature  of  the  cooling  chamber  was  changed  at  a  rate  of  0.5 
degrees/minute  from  ambient  temperature  (about  240C)  to  -70  OC 
and  return  with  a  soak  time  of  30  minutes  at  the  lowest  temperature. 

FIGURE  1  OCV  Variation  with  Temperature 
Prismatic  U/SOCI2  Cell 
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The  plot  clearly  shows  the  cell  OCV  and  cell  wall 
temperature  moving  in  opposite  directions.  The  OCV  peaks  at  just 
below  3.72  volts  and  then  moves  in  the  same  direction  as  the 
temperature,  although  the  temperature  is  still  in  the  programmed 
cooling  mode.  This  is  the  response  that  would  be  expected  for  a  cell 
passing  through  the  thermoneutral  potential.  The  behavior  in 
reverse  is  repeated  on  the  heating  cycle  from  -70  °C  to  room 
ambient  temperature.  The  freezing  point  of  neat  thionyl  chloride  is 
-105®C(11).  The  d(OCV)/dT  slope  calculated  between  room 
ambient  temperature  and  the  thermoneutral  transition  was  -0.53 
mV/OR. 
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To  estimate  the  lag  effect  between  the  measurement  of  cell 
wall  temperature  and  internal  cell  temperature  for  this  thin  prismatic 
cell,  we  compared  the  response  of  an  internal  thermocouple  in  a  cell 
filled  with  ethylene  gylcol  to  the  one  that  monitored  the  cooling 
chamber.  The  lag  effect  for  the  internal  thermocouple  to  reach  the 
same  temperature  as  the  chamber  air  was  5  minutes  or  less. 

The  d(OCV)/dT  plot  for  an  undischarged  CSC  cell  which  is 
a  Li/S02Cl2  based  cell  containing  chlorine  is  shown  in  Figure  2. 
Here  again  the  voltage  increases  with  decreasing  temperature.  The 
potential  increases  upon  cooling  to  just  below  3.99  volts.  It 
maximizes  at  slightly  higher  voltages  upon  reversing  the  cycle.  In 
this  experiment  the  dwell  time  at  -70  ^C  was  two  hours.  The  abrupt 
decrease  in  voltage  may  be  due  to  the  initiation  of  electrolyte 
freezing  since  the  freezing  point  for  neat  sulfuryl  chloride  solvent  is 
-54. 1 OC  ( 1 2)  and  would  be  slightly  lower  than  this  for  the  salt 
containing  electrolyte.  The  slope  of  d(OCV)/dT  is  always  negative 
in  the  region  preceding  the  1st  voltage  peak  and  then  changes 
direction  after  the  voltage  peak.  The  slope  in  the  linear  region  Just 
preceding  the  1st  voltage  peak  is  -0.66  mV/OR. 

FIGURE  2  OCV  VARIATION  WITH  TEMPERATURE 
Undischarged  '0‘  Size  CSC  Ceil 
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The  next  group  of  tests  were  carried  out  on  partially 
discharged  cells.  Figure  3  shows  the  voltage  variation  with 
temperature  result  for  a  prismatic  Li/S(Kri2  cell  that  was  22.5% 
discharged.  These  cell  voltage  maximums  were  less  on  this 
partially  discharged  cell  than  on  the  fresh,  undischarged  cell  shown 
in  Figure  1.  Voltage  maximums  were  slightly  less  than  3.7  volts. 
This  cell  was  not  a  fresh  cell,  but  was  stored  at  ambient  temperature 
for  about  1  1/2  years.  Here  also,  the  slope  of  d(OCV/dT)  is  always 
negative  in  the  portion  preceding  the  1st  voltage  peak.  The  slope  in 
the  linear  region  just  preceding  the  1st  voltage  peak  is  -1.0  mV/®K. 
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Figure  4  shows  the  voltage  variation  with  temperature  for  a 
Li/SOCl2  cell  that  was  discharged  for  45%  of  its  capacity.  This  cell 
showed  voltage  maximums  at  about  3.71  and  3.73  volts  and  the 
voltage  peaks  were  not  as  pronounced  as  with  the  fresh  and  lower 
percent  discharged  cell.  Again,  the  slope  of  the  voltage  variation 
with  temperature  is  negative  in  the  portion  preceding  the  voltage 
peak  and  then  changes  direction.  The  slope  in  the  linear  portion  just 
preceding  the  1st  voltage  peak  is  -2.0  mV/OR. 
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Figure  5  shows  the  voltage  variation  with  temperature  for 
another  Li/SOCl2  cell  that  was  discharged  for  68%  of  its  capacity. 

In  this  case  one  voltage  peak  disappeared  and  the  other  peak  voltage 
was  more  than  3.74  volts.  The  slope  was  negative  up  to  the  region 
of  the  Ist  voltage  peak  and  reversed  itself.  After  the  2nd  voltage 
peak  it  reversed  itself  again.  The  slope  in  the  linear  region  up  to 
where  the  1st  voltage  peak  would  have  been  was  -2.0  mV/OR. 
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Voltage  variation  with  temperature  results  for  partially 
discharged  CSC  cells  are  shown  in  Figures  6  &  7.  The  first  cell 
result  shown  was  from  a  cell  discharged  for  2.62  AH  and  gave 
voltage  peaks  that  were  just  under  3.97  volts  on  the  cooling  half  of 
the  cycle  and  just  above  3.98  volts  on  the  heating  half  of  the  cycle. 
Since  this  cell  has  a  nominal  capacity  of  14  AH  the  percent 
discharged  was  about  19%.  The  slope  of  the  voltage  variation  with 
temperature  is  negative  up  to  the  1st  voltage  peak  and  then  changes 
direction.  The  slope  in  the  linear  region  just  prior  to  the  voltage 
peak  is  -0.82  mV/OR. 
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Figure  6  Vollags  Variation  With  Tamp. 
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RQURE  7  Voltage  Variation  With  Temp. 
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The  cell  discharged  for  8.85  AH  (nominal  63%  dischaiged) 
had  no  voltage  peak  and  the  cell  voluge  and  temperature  changed  in 
the  same  direction,  i.e.,  d(OCV)/dT  was  positive.  This  was  true  over 
the  entire  range  of  heating  and  cooling  cycles.  This  suggests  that 
significant  changes  have  taken  place  to  products  of  the  cell 
discharge  reaction.  The  slope  of  the  voltage  variation  with 
temperature  in  the  initial  linear  region  is  +2.9  mVA*K. 

Voltage  variation  with  temperature  tests  were  also  conducted 
under  equililnium  or  steady  state  conditions.  In  these  experiments, 
cells  were  cooled  down  in  10  degree  steps  and  allowed  to  equilibrate 
at  each  temperature.  Cell  voltoge  readings  were  taken  several  hours 
after  standing  each  temperature.  Rgute  8  shows  the  cell  voltage 
variation  with  temperature  for  a  prismatic  Li/SOCl2  cell  tested  in 
this  way.  It  is  seen  that  the  voltage  increased  with  temperature 
decrease,  as  was  observed  with  the  transient  method.  The  cell 
voltage  continued  to  increase  to  about  -40  ®C  and  peaked  out  above 
3.7  volts.  Since  the  voltage  measurements  were  recorded  at  10 
degree  temperature  intervals,  the  true  peak  voltage  may  not  have 
been  observed.  The  cell  voltage  increase  between  -60  °C  and  -70 
OC  can  not  be  explained  at  this  time  and  will  have  to  be  repeated. 
Several  other  similar  steady  state  tests  on  Li/SOCl2  cells  gave  erratic 
behavior,  even  showing  positive  voltage  variation  with  temperature 
responses.  In  a  recent  work  (I)  we  have  shown  that  cells  with 
internal  shorts  or  other  problems  that  load  the  cell  causing  it  to 
deviate  from  the  OCV  condition,  will  not  give  the  normal  voltoge 
variation  with  temperature  response  that  we  attribute  to  tests  carried 
out  on  fresh  cells  at  OCV.  The  extent  of  the  deviation  needed  to 
give  an  abnormal  response  in  voltoge  variation  with  temperature 
tests  is  yet  to  be  determined. 
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The  thermoneutral  potential  value  of  about  3.72  volts  that  we 
obtained  for  fresh,  undischarged  Li/SOCl2  cells  is  in  good 
agreement  with  most  of  the  results  that  have  been  obtained  by 
calorimetric  measurements  or  steady  state  observations  of 
d(OCVVdT  over  the  past  15  years  (4-1 1).  These  results  have  ranged 
from  3.66  to  3.88  volts  with  the  exception  of  Schlaijker  et  al  (ref  7) 
who  reported  a  value  of  3.33  volts  which  is  well  below  the  normally 
observed  OCV  of  3.67  volts. 

The  cell  voltage  of  the  undischarged  CSC  cell  increased  with 
decreasing  temperature  from  the  OCV  to  a  maximum  of  about  3.99 
volts.  The  voltage  response  changed  direction  at  this  maximum 
voltage  as  would  be  observed  when  the  thermoneutral  potential  is 
attained.  The  precipitous  drop  after  the  maximum  may  perhaps  be 
attributed  to  a  partial  freezing  of  the  electrolyte.  The  heat  of  fusion 
could  release  l^t  internally  in  the  cell  and  cause  the  voltoge  to 
increase  since  the  chamber  temperature  is  no  longer  decreasing. 

After  that  the  cell  voltoge  increased  with  increasing  chamber 
temperature  until  the  therrooneutral  potential  was  again  anained  and 
the  direction  of  the  voltageAemperature  response  was  again 
reversed. 

With  Li/S(X^l2  cells  that  were  partially  discharged  from  22.5 
to  68%  DOD  the  double  peaks  that  were  observed  on  cooling  and 
subsequent  reheating  disappeared  with  degree  of  discharge  teaching 
a  single  maximum  at  the  68%  DOD.  Once  the  frrst  peak 
disappeared,  the  voltoge  variation  with  temperature  did  not  reverse 
until  the  second  peak  was  attained. 

The  CSC  cell  partially  discharged  fOT  2.62  AH  (nominal  19% 
DOD)  gave  unsymmetric  maxima,  one  at  3.97  volts  and  another  at 
3.98  volts.  The  cell  discharged  for  8.8  AH  (nominal  63%  IX)D) 
gave  a  voltage  variation  response  with  temperature  that  was  in  the 
same  direction  for  the  entire  cooling  and  reheating  cycle.  This 
observation  indicates  that  there  is  a  positive  entropy  change  in  the 
discharge  reaction  at  this  depth  of  discharge  having  changed  from  a 
negative  entropy  change  at  undischarged  and  low  discharge  levels. 
An  example  of  a  change  that  could  account  for  this  significant  result 
is  a  release  of  a  discharge  product  like  $02  from  a  complexed  or 
soluble  state  in  the  electrolyte  phase  to  a  gaseous  product.  There  has 
been  evidence  of  free  SO2  at  the  end  of  discharge  for  this  cell 
chemistry.  Figure  9  shows  the  discharge  curve  for  these  two  cells 
which  was  interrupted  for  the  d(C)CV)/dT  measurements  and  then 
completed.  The  cell  capacities  were  14.4  AH  for  the  initial  lower 
rate  discharge  and  14.1  AH  for  the  higher  rate  discharge.  About  0.8 
AH  of  this  discharge  capacity  is  obtained  from  the  discharge  step 
just  below  3  volts  which  is  most  likely  due  to  the  cells  discharging 
as  Li/S02  cells. 
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Table  1  suinmarizes  the  d(OCV)/dT  values  obtained  from  the 
linear  portion  of  the  voltage  variation  with  temperature  data  just 
prior  to  a  voltage  peak  for  both  undischarged  and  partially 
discharged  cells  for  the  two  chemistries.  Entropies  calculated  from 
the  d(C)CV)/dT  data  are  also  included  in  the  table. 


Table  1.  Voltage  Variation  With  Temperature  Slopes  and 
Calculated  Entropies  for  Undischarged  and  Discharged  Cells 


System 

% 

Discharged 

d(OCV)/dT 

(mV/®K) 

Calculated  AS 
(Cal/»K-e<i) 

soai 

0 

-0.53 

-12.2 

SO7CW 

0 

-0.66 

-15J 

SOCI2 

22J 

-1.0 

-23.0 

SOCb 

45 

-2.0 

-46.1 

SOCI2 

68 

-2.0 

-46.1 

SO-jCW 

19 

-0.82 

-18.9 

SO-jCb 

63 

+2.9 

66.9 

Summary  of  Observations 

1.  A  non-steady  state  method  is  being  evaluated  to  examine  cell 
OCV  changes  with  temperature  to  directly  observe  the 
thermoneutral  potential  and  study  entropy  changes  in  cells. 

2.  This  method  was  applied  to  Li/SOCl2  and  Li/S02Cl2  cells. 

3.  Both  Li  chemistries  showed  negative  coefficients  for  OCV 
changes  with  temperature  on  undischarged  cells  up  to  a  voltage 
maximum.  After  reaching  the  voltage  maximum,  tte  coefficient 
for  OCV  change  with  temperature  became  positive. 

4.  With  fresh  Li/S002  cells  on  both  cooling  and  reheating 
cycles,  the  OCV  attained  a  maximum  cell  voltage  close  to  3.72 
volts,  after  which  the  voltage  variation  with  temperature 
changed  direction. 


6.  Partially  discharging  Li/SOCl2  caused  iMvimnin 
voltage  peaks  to  be  significantly  changed,  and  these  changes 
were  related  to  the  depth  of  dfacfaarge.  The  same  changes  in 
reversal  of  voltage  variation  after  passing  a  modified  peak  were 
observed. 

7.  A  partially  discharged  Li/S02Cl2  cell  discharged  about  19% 
of  its  capacity  had  shifted  peaks,  but  responded  to  OCV  changes 
with  temperature  in  the  same  way  as  an  undischarged  cell. 

8.  A  partially  discharged  Li/S02Cl2  ceU  discharged  to  about 
63%  of  its  capacity,  completely  changed  Its  voltage  variation 
with  temperature  response  to  give  a  positive  temperature 
coefficient  This  suggests  that  at  this  state  of  discharge,  the 
entropy  change  for  the  discharge  reaction  had  changed  from 
negative  to  positive.  This  type  of  change  would  occur  if  SO2 
product  was  no  longer  confined  to  the  solution  phase  but  was 
also  present  in  a  gaseous  phase. 

9.  Upon  completing  the  discharge  of  the  partially  discharged 
Li/SC>2Cl2  cells,  there  was  a  discharge  step  just  below  3  volts  at 
the  normal  Li/S02  discharge  voltage  for  about  6%  of  the  total 
discharge  capacity. 
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5.  The  voltage  nuudmum  for  Li/S02Cl2  cells  was  close  to  3.99 
volts,  after  which  the  voltage  variation  with  temperature 
changed  direction. 
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Abatract 

The  lithium/Oiionyl  chkxide  (Li/SOCI^  electrochemiatiy  ia  capable  of 
providing  high  power  and  high  specific  power,  eapeciidly  under  pulse 
discharge  oan&ions,  when  cdb  containing  thin  components  are  anan^  in 
a  bipolar  configuration.  This  paper  describes  recent  work  concerned  with 
bipolar  ceO  design,  cathode  evaluation,  component  manufacturing  medmds, 
arid  the  assembly  and  testing  of  bipolar  modules  containing  up  to  ISO  cells 
for  Sonobuoy  application. 

The  new  generation  of  active  Sonobuoys  with  increased  detection  range 
capability  will  require  improvement  in  battery  performance.  The 
bthium/thionyi  chloride  bipolar  design  is  capable  of  meeting  the  power  and 
energy  requirements  of  these  systems  (Table  1).  The  develo|Mnent  of  a 
bipolar  batl^  design  mcorporating  ten-irKh  diameter  thin  oeU  oomponentt''* 
was  successful  in  fabrication  and  pulse  testing  of  several  full  size  4<ell 
stacks,  a  20-cell  stack  and  a  firul  80-cell  hermetically  sealed  2SkW 
demonstration  battery.  Performance  ofthis  battery  was  characterized  using 
2, 4,  and  20m3  pulses  at  a  ten  percent  duty  cycle.  A  maximum  pulse  power 
of  3SkW  and  specific  power  of  1 .9kW/lb  could  be  demonstrated  at  a  current 
density  of 400mA/cm^^  Although  this  effort  was  considered  a  success,  it 
did  point  to  the  need  for  further  cell  component  utilization  if  longer  pulse 
times  are  to  be  achieved.  One  goal  of  the  present  program  is  to  develop  a 
10.7kW  bipolar  module  (one-seventh  of  the  torpedo  size  Sonobuoy  power 
supply)  wiA  load  voltage  in  the  range  300  to  500  voHs. 


EXPERIMENTAL 

A  novel  method  was  developed  for  manu&cturing  carbon  cathodes.  This 
method  starts  with  a  carbon  slurry  formulation  and  produces  single  sheets 
of  cathode  material  in  a  sheet  mold  having  uniform  thickness  and  weight 
Cathode  thickness  and  carbon  content  arc  controlled  by  changes  in  the 
slurry  formulation.  This  method  reduced  the  time  required  for 
manufacturing  fiw  large  numbers  of  cathodes  requited  for  fab^tkm  of 
bipolar  nnodules  containing  up  to  ISO  cells.  Full  size  ten-inch  diameter 
cathodes  were  evaluated  in  a  special  fixture  with  one  itKh  thick  sted 
endplates  separated  by  an  O-ring  which  provides  uniform  thickness  and 
compression  during  single  cefl  tests.  The  foul  cell  gap  was  adjusted  under 
vacuum  to  provide  proper  compression  on  the  cathode/separator 
components  prior  to  activation  wifo  l.fiMLiOaCI/SOCI,  electrolyte. 

Multicell  stacks  were  fabricated  from  'bipolar  hardware*  consisting  of 
bipolar  plates  and  current  collecting  endplates.  Bipolar  plates  are  prepared 
by  bonding  thermoplastic  Tefod  material  to  lightly  etched  nickd 
substrates.  This  is  an  important  step  since  the  bipolar  plates  must 
nuintain  the  correct  cell  gap  and  prevent  internal  dectro^  leakage 
between  adjacent  cells  in  a  bipolar  stack.  The  procedure  is  illustrated  in 
Figures  lA  and  IB.  Three  Tefod  rings  and  a  substrate  are  properly 
aligned  between  the  top  and  bottom  capture  mold  sections  so  u  to 
maintain  a  one-eighdi  inch  Tefisel/substrate  overlap,  Egure  lA.  The  two 
sections  ate  bolted  togefoer  and  rruintained  under  compression  during  foe 
heating  and  cooling  steps.  After  melting,  foe  Tefoel  material  forms  a  ring 
of  insulation,  Ftgure  IB,  wifo  foe  proper  hdght  sealed  to  the  periphery  of 
the  nkkd  substrate.  Current  collecting  endplates  are  made  in  a  similar 


mamer.  h  this  case,  foe  subatrale  is  a  nickd  plated  copper  disk  with  a  nickd 
tab  termirul  at  foe  center. 

A  computer  cootrrrlled  setup  provided  a  corutant  current  of  2SA  during  foe 
pulse  a^or  continuous  diachiuge  paibtmance  teats  for  cathode  evaluatiaa 
in  foe  special  fixture.  The  pulses  were  20  seconds  in  duration  with  a  10% 
duty  c^.  After  20  ey^  of  pulse  discharge,  continuous  discharge 
continued  until  the  ceD  voltage  reached  1  volt  A  oonatant  power  pulse 
discharge,  71.4W  per  cell,  was  provided  by  the  setup  during  perforniance 
tests  conducted  on  single  arid  multioeflsubtrKidules.  AH  oeO  data  was  stored 
in  a  Nicold  System  500  during  foe  constant  power  pulse  tests. 


RESULTS  AND  DISCUSSION 

Cathode  Evaluation 

The  variation  of  cathode  utilization(Ah/g}  wifo  carbon  loading  (g/cm^  is 
shown  in  Figure  2.  These  full  size  cathodes  were  evaluated  in  foe  special 
fixture  during  continuous  discharge  at  2SA,  Le.,  SOmA/cm*.  The  novel 
cathodes  performed  better  than  foe  standard  cafoodcs  made  by  a 
calendering  procedure,  most  likely  because  of  the  lower  apparent  density 
which  increases  the  number  of  active  carbon  sites  availate  tor  SOCl, 
reduction.  The  best  result,  I.64Ah/g,  was  observed  for  a  cathode 
containing  4.86g  carbon,  equivalent  to  a  cathode  loading  of  lOmg/cm*. 
All  further  testing  was  done  wifo  ceUs  containing  cathodes  made  by  the 
slurry  process  described  above. 

The  initial  carbon  composition  contained  80%  of  a  low  surfiree  area 
carbon  (60mVg)  and  2(^/»  of  a  high  surface  area  carbon  (>l000mVg). 
The  effect  of  carbon  surfiwe  area  on  load  voHage  during  pulse  discharge  is 
examined  in  Figure  3.  The  end-of-pulse-voUage  (EOPV)  increased  to  a 
maximum  of  3V  as  the  high  surfiioe  area  component  of  the  cathode 
carbon  composition  was  increased  fitom  0  to  60  weight  percent 
Additional  tests  confitroed  that  the  40/60  composition  gave  the  best 
EOPV  values  during  pulse  discharge  of  full  size  cathodes  at  25A 

Several  platinized  carbon  mixtures  were  evaluated  in  an  effort  to  improve 
foeEOPV.  The  standard  40/60  carbon  cathode  ia  compared  wifo  foe  best 
40/60  (based  on  carbon)  platinized  carbon  cathode  compoaition  in  Figure 
4.  One  characteristic  aU  platinized  cathodes  had  in  ootmnon  was  the 
initial  high  EOPV  followed  by  a  voltage  decrease  during  each  additional 
pulse.  A  decrease  in  foe  number  of  catalytic  platinum  sites  leaving  only 
active  carbon  sites  due  to  poisoning  by  impurities  or  blodcage  by  locally 
deposited  LiCI,  may  explain  foe  observed  decrease  in  cdl  voltage.  The 
EOPV  values  for  one  of  foe  standard  cathodes  increased  dightiy,  moat 
likely  because  of  a  small  temperature  increase,  and  reached  foe  same 
value,  3.02V,  u  foe  (datinized  carbon  cafliode  during  foe  twentiefo  pulse. 
AH  40/60  staiidard  carbon  cathodes  had  EOPV  values  above  2.9V  durii^ 
evaluation  in  the  special  fixture.  This  stsndard  carbon  composition  wu 
sdected  for  aH  further  single  ceU  and  muHioeH  stack  teats. 

The  effects  of  current  density  and  duty  cycle  on  foe  EOPV  for  fuH  size 
40/60  standard  carbon  cathote  are  shown  in  Figure  S.  Increasing  the 
discharge  rate  while  maintaining  a  10%  duty  cycle  lowers  foe  EOPV  snd 


376 


ouaet  a  lapid&noffinEOPV  values,  especially  at  lOOmA/cm*.  Increasing 
duty  cycle  to  SO%  has  only  a  slight  efTect  on  the  SOmA/cm*  rate  vtdiile 
drastically  reducing  the  number  of  pulses  available  at  lOOmA/cm’. 

Cell  Design  and  Stack  Assembly 

Cell  components  are  sandwiched  between  adjacent  bipolar  plates  during 
slack  assembly  as  shown  in  Figure  6.  The  lithium  anode  is  rolled  onto  each 
bipolar  plate  and  anode  endplate  prior  to  stack  assembly.  Preparation  of  all 
cell  components  and  stack  assembly  procedures  were  performed  in  a  dry 
room  environment  with  relative  humidity  less  than  two  percent.  To  begin 
assembly,  a  carbon  cathode  is  centered  on  the  cathode  endplate  positioned  in 
the  assembly  fixture.  A  glass  paper  separator  is  then  centered  over  the 
cathode  and  the  first  bipolar  plate  is  positioned  over  the  assembled 
components,  lithium  side  down.  Each  additional  cell  is  assembled  in  like 
manner  starting  with  the  centering  of  the  second  cathode  on  the  first  bipolar 
plate.  The  anode  endplate  is  the  last  stack  component  in  the  assembly 
procedure.  A  fill  tube  is  added  to  each  cell  for  electrolyte  activation  affer 
stack  sealing.  The  assembled  stack  components  are  compressed  to  the  final 
height  in  prependion  for  stack  sealing.  The  Te&el  insulation  rings  arc  sealed 
along  the  sta^  periphery  except  near  the  fill  tubes  (initial  three-quarters  seal). 
A  330  watt  iron  was  used  to  seal  the  single  cell,  4-cell,  and  10-cetl  stacira 
initially.  Each  cdl  is  filled  individually  with  the  proper  volume  of  electrolyte 
fiom  a  syringe  delivery  system.  A  cathode  channel  design  was  developed  to 
help  distribute  electrolyte  throughout  each  cathode.  Stack  sealing  is 
completed  after  activation.  Each  stack  is  maintained  under  external 
compression  after  activation  and  during  final  sealing  in  preparation  for 
testing.  For  fabrication  of  a  single  cell  using  bipolar  hardware,  cell 
components  are  assembled  between  anode  and  cathode  endplates. 

Single  Cell  Tests  Using  Stack  Hardware 

Several  constant  power  pulse  tests  were  performed  with  single  cells 
assembled  firm  stack  hardw^.  The  full  size  lO-inch  diameter  cathode  was 
down-sized  to  a  9.2S-inch  diameter  cathode  for  the  torpedo  size  sonobuoy 
power  source  application.  Comparison  witii  the  full  size  cathode  showed  that 
cell  voltage  dwreased  only  ^ghtly,  i.e;  by  SO  to  80  mV  in  going  to  the 
smaller  diameter  cathode.  As  an  example,  thirty-one  20  second  pulses  were 
obtained  during  the  first  constant  power  continuous  pulse  discharge  test  with 
a  9.2S  itKh  cathode.  Figure  7.  The  average  EOPV  value  in  this  test  was 
2.96V  from  the  second  through  the  twentieth  pulse. 

Multicell  Stack  Tests 

The  load  voltage  in  multiodi  stacks  is  sensitive  to  changes  in  compression  on 
stack  components.  The  external  compression  was  adjusted  on  several 
multicell  stacks  during  the  initial  few  pulses  in  order  to  maximize  stack 
performance  throughout  the  rest  of  the  test.  One  result  is  shown  in  Figure 
8  for  a  4-cell  stack  containing  10  inch  diameter  cathodes.  Thirty-six  20 
second  pulses  were  obtained  during  this  constant  power  continuous  pulse 
discharge  test  One  characteristic  of  multicell  stacks  observed  during  testing 
was  die  increase  in  voHage,  usually  during  the  first  10  to  12  pulses,  due  to  an 
increase  in  stack  temperature.  In  this  example,  the  voltage  peaked  during 
pulse  13  at  13.S6V,  for  an  average  of  3.14V  per  cell.  Twenty-seven  pulses 
were  obtained  during  testing  of  a  10-cell  stack.  Figure  7.  The  peak  voltage, 
31.81V,  occurred  during  pulse  11  for  an  average  of3.18V  per  cell. 

A  SO-oefl  engineering  stack  was  built  with  10-inch  electrode  components  in 
order  to  establish  a  procedure  for  the  assembly,  sealing,  and  activation  of 
large  stacks.  The  stack  was  assembled  as  described  above.  Stack 
components  were  compressed  between  one-inch  thick  Incite  support  plates 
using  C-clamps  prior  to  initial  stack  sealing.  It  is  important  that  the  bipolar 
pbte/Tefigcl  ring  rxll  assemblies  are  seated  properly,  i.e.,  are  compressed  into 
a  flat  configuration  of  cells  that  will  maintain  proper  component 
contact/compression  during  activation  and  testing.  The  bipolar  rings  form 
an  uneven  vertical  surface  which  must  be  smoothed  in  order  to  insure 
Te&el/Teficel  bonding  arrtong  adjacent  rings  around  the  periphery  of  the 
stack.  The  initial  three-quarters  sealing  was  done  with  a  SSO  watt  iron.  Orte 


layer  of  a  fiberglass/Te&el  composite  was  applied  to  the  initial  seal  in  order 
to  thicken  and  strengthen  the  Te&el/TefiwI  bonded  rings. 

Compression  was  relaxed  during  electndyte  activation  which  allowed  the 
stack  to  expand  somewhat  in  the  center,  part  of  tiM  normal  activation 
procedure.  The  cathode  could  not  be  uniformally  compressed  to  a  flat 
configuration  after  activation  because  of  cathode  expansion,  and  as  a  result, 
a  change  was  made  in  tire  activation  procedure  to  correct  this  problem. 
Fourteen  pulses  were  oUained  during  pulse  discharge,  Figure  10.  Twdve 
pulses  occurred  at  load  voltages  above  ISOV,  better  than  3V  per  cell  on 
average.  The  maximum  voltage,  160.7SV,  occurred  during  the  sixth  pulse, 
for  an  average  of  3.21  V  per  cell. 

The  first  150-oell  bipolar  configuration  was  assembled  fiom  three  50-oell 
slacks  connected  in  series  with  silver  plated  copper  connectors  during  pulse 
diadiarge.  Each  SO-cell  stack  was  maintained  under  compression  in  a  ’flat* 
coniiguiation  between  one-inch  thick  Incite  disks  during  the  initial  three- 
quarters  sealing,  electrolyte  activation,  and  firud  sealing  steps.  Final 
compression  was  supplied  with  six  C-clamps  arranged  symmetrically  around 
eadi  stack  during  discharge;  three  at  half  the  radial  distance  and  three  at  the 
periphery.  The  EOPV  values  for  the  ISO-cell  configuration  are  plotted  in 
Figure  11.  Several  ofthe  initial  pulses  were  less  than  20  seconds  in  duration 
because  of  problems  associated  with  the  high  voltage 
instrumentation/soflware  test  setup.  Current  instability  developed  during 
pulse  7  (terminated  after  1 S  seconds)  when  the  power  increased  to  2S.9kW 
after  seven  seconds  of  controlled  discharge  at  10.7kW.  The  19 
partial/complete  pulses  ate  equivalent  to  fourteen  20-second  pulses. 

The  high  power  discharge  during  pulse  7  may  have  contributed  to  tire  leas 
than  expected  number  of  10.7kW  pulses.  A  second  reason  would  be 
dectroiyte  leakage.  Minimal  leakage  occurred  during  activation  of  individual 
cells  in  each  stack,  but  additional  electrolyte  was  loss  prior  to  and  during  the 
test  firm  several  small  leaks  that  developed  between  adjacent  Te&el  rings  in 
each  of  the  three  stacks. 

Assembly  and  Testing  of  a  150-cell  Bipolar  Module 
Fabrication  and  testing  of  the  multicell  stacks  and  problems  associated  with 
two  ISO-cell  modules  indicated  several  problem  areas  which  needed  to  be 
addressed;  Tefirel  stack  sealing,  cell  activation,  and  the  handling  of  large 
modules,  during  assembly  being  the  most  important  Changes  and 
improvements  made  in  these  and  other  areas  are  discussed  below; 

1)  The  assembly  fixture  was  redesigned  so  that  a  uniform  compression 
could  be  applied  to  the  stack  during  assembly.  Handling  is  improved  since 
a  large  module  can  be  rotated  under  compression  in  this  fixture  for  ease  of 
sealing  and  electrolyte  activation. 

2)  The  cathode  channel  design  was  modified  so  that  the  fill  tube  is  no 
longer  compressed  between  the  separator  and  cathode.  This  change 
improved  module  flatness  under  compression. 

3)  The  quality  of  the  sealed  TeCcel  surface  was  improved  by  replacing  the 
soldering  iron  ’contact  method’  with  a  hot  gas  welder.  This  type  of  welder 
was  observed  to  melt  the  Te&el  stack  surface  without  causing  extensive 
degradation  of  the  thermoplastic  material. 

4)  A  polarization  test  was  developed  to  monitor  the  electrochemical 
condition  of  a  large  module  prior  to  the  start  of  testing. 

5)  The  wicking  capability  of  the  cathode  was  improved  by  reducing  the 
TFE  content  of  the  caurbon  composition.  Several  wetting  experiments  were 
conducted  to  compare  high  and  low  TFE  cathodes.  Electrolyte  distribution 
between  the  cathode  and  separator  components  and  electrolyte  retention  by 
the  cathode  improved  with  reduction  in  the  TFE  component 
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A  thifd  ISO^eD  bipolar  module  waa  aammblcd  during  a  two  day  period  in 
the  praducliaa  (by  room  umg  low  TFE  cathodee  and  inootponting  the  other 
changea  and  improvements  itiarumrd  above.  Every  cf^  waa  made  to 
minimize  expoeure  of  the  oomponenta  and  module  to  moisture  during  the 
assembly,  initial  stack  sealing,  electroiyto  activation,  and  final  seating  alepa. 
Several  tabs  were  TIQ  welded  between  the  anode  and  cathode  honeycomb 
support  structures  to  provide  compression  to  the  module  during  testing. 


^ - -  1/8”  l  etret  /  Nickel  Ov-ttsp 


Fie  I A  Tcf^cl  /  Nickel  Sandwich  Prior  to  Compression  Molding 


Twdve  20  second  pidaea  were  obtained  during  the  lO.TkW  constant  power 
pulse  test  The  lowest  voltage  and  EOPV  values  are  plotted  for  each  pulse 
in  Figure  12.  Module  voltage  increased  during  the  first  five  pulses,  then 
peakedat498.2vduringthesixfii20seoond  lO.TkW  pulse.  Module  voltage 
started  to  drop  after  the  seventh  pulse.  The  pulse  test  was  terminatod  after 
the  twelfth  pulse  because  of  the  rapid  drop  off  in  voltage  between  the 
deventh  and  twdftti  pubes.  Recovery  of  the  OCV  to  S44V  after  each  pube 
was  an  indicatian  that  no  intonal  shorts  had  occurred.  The  rapid  drop  off  in 
inodub  voltage  after  pube  7  b  evidence  that  a  few  celb  were  weak  from  lack 
of  an  adequate  electrolyte  content 
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Introduction 

The  objective  of  the  present  study  was  to  conduct  heat  trarrsfer 
experiments  using  a  phantom  Li/S02  battery  under  controlled 
conditions  in  order  to  examine  the  effect  of  various  parameters  on  the 
thermal  behavior  of  a  real  Li/S02  battery.  The  lithium  sulfur  dioxide 
(Li/S02)  cells  have  many  desirable  characteristics  for  an 
electrochemical  power  source  such  as  high  energy  density,  high 
operating  cell  voltage,  excellent  voltage  stability  over  95  percent  of  the 
discharge,  capability  of  operating  over  a  wide  temperature  range  (-40 
to  SO’C),  exceptionally  long  storage  life  and  low  cost  of  materials. 

In  spite  of  these  attractive  features  Li/S02  cells  may  show 
hazardous  behavior  at  high  rates  of  discharge  [Ij.  The  reports  ranged 
from  mild  venting  to  violent  explosions  and  fires.  When  the  U/SO2 
cell  is  discharged  at  a  high  rate,  the  internal  electrical  resistance  of 
the  cell  produces  a  high  heat  generation,  which  increases  the  average 
temperature  of  the  cell.  We  reasoned  that  conducting  the  experiment 
with  actual  Li/S02  cells  could  result  in  venting,  thus  we  sought  a  novel 
design  that  eliminated  the  "real"  cells  yet  could  easily  be  runwithin  an 
ordinary  laboratory  without  unusual  dafety  measures. 

Experimental  Method 

In  order  to  examine  the  effect  of  various  parameters  on  the 
thermal  behavior  of  the  Li/S02  battery,  the  present  study  developed 
an  alternative  method  using  dummy  cells  which  simulate  the  heat 
generations  of  real  Li/S02  cells.  A  phantom  Li/S02  battery  that 
contained  ten  dummy  cells  was  constructed  as  shown  in  Fig.  1. 


Figure  2  shows  the  top  and  side  views  of  the  battery,  which 
shows  ten  dummy  cells  and  a  flexible  board  containing  two  diodes,  two 
electrical  fuses  and  two  thermal  fuses.  The  board  is  placed  at  the 
comer  of  the  battery  pack  and  the  two  thermal  fuses  are  located  around 
the  center  of  the  pack,  surrounded  by  five  cells,  (cells  #4  -  #7,  and  #9). 
Note  that  thermal  fuses  disconnect  the  circuit  to  avoid  danger  when 
the  temperature  of  the  pack  reaches  a  critical  value.  Two  diodes  are 
used  to  prevent  reverse  or  charging  currents  for  safety. 

Based  on  the  total  thermal  mass  of  the  actual  Li/S02  cell  (i.e., 
20.07  cal/®C),  ten  dummy  cells  were  fabricated  by  filling  case  cans  with 
molten  lead.  The  identical  case  cans  used  in  real  cells  were  used.  After 
the  lead  solidified,  a  cylindrical  cavity  of  0.357"  diameter  and  1.25" 
depth  was  drilled  at  the  center  of  the  solid  lead  where  a  cartridge 
heater  was  inserted  to  simulate  the  heat  generation  in  the  actual 
Li/S02  battery  as  shown  in  Fig.  2,  which  also  shows  the  kKations  of 
fourteen  thermocouples.  Ten  thermocouples  (from  #1  to  #10)  were 


Fig.  1  Photograph  of  actual  Li/S02  battery  with  10  cells. 
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Fig.  2  The  layout  (top  and  side  views)  of  ten  cells  and  fourteen 
thermocouples. 


inserted  through  small  cavities  drilled  at  the  upper  half  of  dummy 
cells  as  indicated  by  a  thick  solid  line  and  x  mark.  In  order  to  monitor 
the  temperatures  of  diodes  and  thermal  fuses,  two  thermocouples,  #11 
and  #12,  were  cemented  on  the  surface  of  thermal  fuses.  Two  additional 
thermocouples,  #13  and  #14,  were  cemented  on  the  surface  of  diodes  as 
shown  in  Fig.  2. 

In  order  to  simulate  the  heat  generation  due  to  the  discharge  of 
Li/S02  cells,  high  density  resistance  cartridge  heaters  from  Omega 
were  used.  The  cartridge  heaters  were  heated  using  a  DC  power 
supply,  and  the  temperature  readings  were  recorded  using  an  IBM 
computer  via  a  data  acquisition  system.  Since  the  heat  generation  rate 
of  each  heater  critically  depends  on  its  resistance,  the  exact  resistance 
of  each  heater  was  measured.  The  resistance  of  each  cartridge  heater 
is  slightly  different  from  each  other.  Hence,  if  the  same  voltage  is 
applied  to  each  heater,  there  would  be  a  maximum  14%  error  in  the 
heat  generation  rate.  In  order  to  compensate  the  difference  in 
resistance,  a  resistance  compensation  was  made  using  a  nichrome  wire  so 
that  one  could  produce  exactly  the  same  heat  generation  rate  in  each 
cell.  Descriptions  of  detailed  procedures  and  schematic  diagrams  of 
the  resistance  compensation  circuit  were  given  elsewhere  (2). 

Results  and  Discussion 

There  are  two  sources  of  heat  generations  in  a  battery  pack  when 
it  is  discharged;  one  is  the  heat  generation  from  cells  and  the  other  is 
from  the  control  circuit  board.  The  former  is  the  sum  of  polization  heat, 
entropic  heat  and  chemical  heat  of  the  cells,  whereas  the  latter  is 
caused  by  resistances  of  the  mainly  diodes  and  printed  circuits.  The 
effect  of  the  latter  on  the  overall  thermal  behavior  of  the  battery  has 
not  been  clearly  recognized. 

Figure  3  shows  the  circuit  diagram  of  the  control  circuit  board 
(i.e.,  the  top  figure)  and  the  results  of  measured  voltages  with  respect 
to  the  reference  point  (i.e.,  the  bottom  figure).  Since  the  voltage  drop  in 
the  connecting  track  could  be  significant  due  to  the  long  distance  and 
narrow  width  of  some  tracks,  the  voltage  drop  of  each  connecting  track 
was  also  measured.  The  voltage  drops  in  two  diodes  were  almost 
identical,  approximately  0.32V.  The  voltage  drops  in  electrical  fuses 
were  in  the  range  of  0.18-0.22V.  Of  note  is  that  there  was  a  significant 
voltage  drop  in  one  track  between  the  ditxle  #1  and  the  thermal  fuse  #1 
as  pointed  out  in  the  bottom  figure  (see  Fig.  3),  indicating  room  for 
improvement  in  future  circuit  board  designs.  With  the  circuit  board 
used  in  these  experiments,  there  was  a  significant  heat  generation 
occurring  in  the  tracks.  One  simple  way  to  reduce  the  voltage  drop  in 
the  track  may  be  to  shorten  the  distance  by  rerouting  the  tracks,  use 
wider  ones,  or  increase  the  copper  thickness. 

The  heat  generation  from  the  cells  and  control  circuit  was 
simulated  by  supplying  DC  current  to  the  control  circuit  from  a  constant- 
current  EXI-power  supply  outside  of  the  battery  pack.  The  diodes  and 
thermal  fuses  are  electrically  connected  in  series.  Figure  4  shows  the 
time  history  of  cell  temperature  at  a  2  amp  discharge  rate  with  the 
flexible  board  in  a  temperature-coi.  rolled  Tenny  chamber.  Note  that 
the  ordinate  is  the  temperature  rise  from  the  initial  surrounding 
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Measuring  Point  Number 


Fig.  3  Top:  Schematic  diagram  for  voltage  drop  measurements  of 
electrical  components.  Bottom:  Results  of  voltages  measured  at  14 
locations  relative  to  the  reference  point. 


temperature  of  25'^C.  The  minimum  cell  temperature  was  consistently 
obtained  at  cell  #3  whereas  the  maximum  cell  temperature  was 
obtained  at  cell  #7. 

In  order  to  see  the  effect  of  the  heat  generation  from  the 
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Fig.  4  Temperature  rises  of  cells  vs.  time. 
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flexible  board,  we  repeated  the  test  without  the  board  (i.e.,  no  current 
to  the  board).  Figure  5  shows  the  comparison  of  the  temperature 
history  (in  the  form  of  temperature  rise  vs.  time)  for  two  cases  (with 
and  without  the  flexible  board)  in  the  Tenny  chamber.  Results  in  Fig.  5 
clearly  depict  that  the  heat  generation  from  the  board  significantly 
increased  the  maximum  cell  temperature.  The  difference  between  the 
maximum  and  minimum  cell  temperatures  decreased  from  ICK’C  for  the 
case  with  the  board  to  5.3°C  for  the  case  without  the  board, 
demonstrating  the  effect  of  heat  generation  from  the  board  on  cell 
temperatures. 

Figure  6  compares  the  temperature  rise  of  diodes,  thermal  fuses, 
and  the  maximum/minimum  cell  temperature  rise  at  the  2  amp 
discharge  rate  case.  It  is  of  note  that  the  temperature  of  thermal  fuse 
#11  was  substantially  larger  than  the  maximum  cell  temperature  #7, 
whereas  that  of  the  thermal  fuse  #12  was  almost  identical  to  the 
maximum  cell  temperature. 

Diode  temperatures  were  significantly  greater  than  the 
temperature  of  #11  thermal  fuse.  The  temperatures  of  the  two  diodes 
rose  approximately  64°C  from  the  initial  surrounding  temperature. 
Since  one  diode  produces  almost  the  same  amount  of  heat  as  one  Li-SC)2 


Time  (min.) 

Fig.  5  Comparison  of  temperature  rises  of  cells  #3  and  #7  without  (top) 
and  with  (bottom)  control  circuit  board  in  Tenny  chamber.  Both  were 
discharged  at  2  amp  rate. 
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Fig.  6  Temperature  rise  from  key  components  and  max/min  cell 
temperatures 

cell,  and  the  size  of  a  diode  is  substantially  smaller  than  a  cell,  the 
diode  temperature  increases  greatly,  to  a  surprising  level.  Results 
presented  so  far  were  obtained  using  100%  duty  cycles. 

Figure  7  shows  the  results  obtained  from  50%  duty  cycles.  The 
objective  of  this  test  was  to  investigate  the  thermal  behavior  of 
Li/S02  batteries  when  they  were  discharged  at  100%  and  50%  duty 
cycles.  Figure  7  compares  the  maximum  cell  temperature  and  thermal 
fuse  temperature  (#11).  Clearly,  the  temperature  reading  from  thermal 
fuse  #11  was  significantly  greater  than  the  maximum  cell  temperature. 
SirKe  the  purpose  of  having  a  thermal  fuse  is  to  monitor  the  maximum 
cell  temperature,  the  current  position  of  thermal  fuse  #11  does 
overestimate  the  maximum  cell  temperature.  Detail  results  of  the  50% 
duty  cycle  tests  were  given  elsewhere  [2). 

Summary 

The  maximum  cell  temperature  at  the  2  amp  discharge  rate 
case  occurred  consistently  at  cell  #7,  yielding  a  temperature  rise  of 
approximately  22°C.  The  thermal  fuse  #11  (i.e.,  the  one  closer  to 
diodes)  gives  consistently  larger  temperature  readings  by  almost  10”C 
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Fig.  7  Comparison  of  time  history  of  maximum  cell  temperature  and 
thermal  fuse  temperatures  for  100%  and  50%  duty  cycle  cases. 
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than  the  maximum  cell  temperature  while  the  thermal  (use  #12  (i.e., 
the  one  away  (rom  diodes)  gives  almost  identical  temperature  to  the 
maximum  cell  temperature.  This  is  an  important  discovery  from  a 
design  point  of  view.  Because  of  the  proximal  location  of  the  thermal 
fuse  #11  to  hot  diodes,  thermal  fuse  #11  in  the  present  design  recorded  a 
temperature  approximately  10°C  higher  than  the  maximum  cell 
temperature,  rendering  a  premature  opening.  The  results  given  in  this 
present  study  suggests  a  number  of  ideas  of  design  improvement  from  the 
view  point  of  thermal  irranagement  of  the  battery.  Otre  example  is  that 
manufacturers  should  carefully  select  the  location  of  theriruil  fuses  such 
that  thernruil  fuse  monitor  the  maximum  cell  temperature  correctly. 
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Introduction 


Direct  chemical  transport  and  entropic  cooling  are  both 
known  to  affect  the  performance  of  primary  thermal  batteries. 
Direct  chemical  transport,  a  self-discharge  reaction,  results  in 
measurable  coulombic  losses,  and  is  a  greater  factor  in  long¬ 
life  applications,  particularly  those  with  long  periods  of  open- 
circuit  or  very  low  current  densities.  Entropic  cooling  is  less 
of  a  factor  at  low  cmrent  densities,  but  becomes  important  to 
heat  balancing  at  higher  current  densities.  These  phenomena, 
however,  have  usually  been  lumped  into  utilization-related 
"adjustment  factors"  during  the  battery  design/performance 
analysis  phases.  Consideration  of  these  effects  during 
example  battery  developmental  builds  is  illustrated  in 
performance  models  that  quantify  the  roles  these  factors  have 
in  determining  battery  performance. 

Cell  Model 

Although  crude  in  some  respects,  a  PC  spreadsheet- 
based  cell  model  has  been  employed  as  an  aid  in  the 
interpretation  of  selected  battery  performances.  The  model 
allows  for  the  input  of  material  and  operating  parameters, 
including: 

Anode/cathode  types  and  compositions 

Electrolyte  type,  ^ckness,  and  melting  point 

Cell  diameter 

Number  of  cells 

Number  of  parallel  stacks 

Initial  battery  polarization 

Initial  operating  temperature 

Assumed  cooling  curve 

Load  type  (constant  current  or  power)  and  amount 

No  provision  has  been  made  for  a  thermal  model  as  done  by 
previous  researchers  using  finite  element  analysis. 
Therefore,  the  spreadsheet  model  is  most  useful  for 
successive  iterations  of  a  battery  type.  Utility  for  prediction 
of  the  performance  of  a  proposed  battery  is  somewhat  more 
limited. 

The  spreadsheet  model  defmes  cell  temperature  as  a 
function  of  time,  and  calculates  capacity  delivered  over  the 
time  intervals.  Electrolyte  resistance  is  defmed  as  a  function 
of  temperature.  Capacity  losses  due  to  chemical  transport  at 
each  increment  of  time  and  temperature  are  calculated. 


The  electrolyte  resistance  functions  were  obtained  by  curve¬ 
fitting  both  internal  test  data  and  published  resistivity  data.^ 
General  equations  defining  the  associated  chemical  transport 
losses  were  derived  from  published  self-discharge  data.^ 
These  transport  losses  are  summed  with  the  current/time 
capacities,  and  allow  the  definition  of  the  possible  half-cell 
voltages  from  the  anode  and  cadiode  (which  also  depend  upon 
temperature).  The  equilibrium  potentials  corresponding  to 
each  half-cell  reaction  are  those  used  by  Bernard!  and 
Newman.^  The  load  potential  is,  as  expected,  the  siun  of  the 
individual  half-cell  potentials  less  polarization. 

Chemical  Transport 

For  the  purposes  of  the  model,  die  chemical  transport 
factor  was  most  conveniently  expressed  in  terms  of  capacity 
(lost)  per  unit  time  per  unit  area  of  cell  interface,  or 
coul-min*l-cm’2.  This  term,  like  similar  kinetic  expressions, 
is  a  function  of  absolute  temperature,  and  varies  greatly  with 
electrolyte  composition. 


Entropic  Cooling 


Entropic  cooling  during  thermal  battery  discharge  has  been 
variously  discussed  by  several  researchers.2.6,7  xhe  TAS 
term  is  usually  generated  as  part  of  the  entropic  cooling  and 
resistive  heating  equation:^ 

q  =  II-T(^)  +  E-V]  (1) 

al 


where  q  = 
1  = 
T  = 

dT 

E  = 
V  = 


heat(W) 
current  (A) 
temperature  (Kelvin) 

temperature  coefficient  of 
discharge  reaction  (volts/K) 
open  circuit  voltage  (volts) 
voltage  at  current  I 


Battery  Configurations 


EAP-12160 


The  EAP-12160  thermal  battery  was  designed 
to  meet  the  requirements  of  the  "PRIME"  battery  in  the 
Advanced  Mine  Neutralization  System.  Physical  and 
electrical  requirements  are: 
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Discharge  Life 
Voltage  Range 
Load 

Environmental  Range 
Case  Temperature 
Battery  Weight 
Assembly  Weight 

The  physical  characteristics  ( 

Number  of  Stacks 
Cells  per  Stack 
Cell  Diameter 


1200  seconds 

40  V  max.,  25  V  min. 

246  watts  constant 
-31‘’Fto+120'’F 
350°F  max. 

Functional  minimum; 

Not  to  exceed  7  lb 

battery  stack  assembly  are: 

Two  in  parallel 
20 

3.0  in 


2 

1.8 

S)  1.6 

s 

I  1.4 
1.2 
1 

0 


300  600  900  1200  1500 

Discharge  Time,  seconds 


The  electrochemical  system  presently  used  in  this  battery  is 
Li(Si)/LiBr-LiF-KBr,MgO/  FeS2. 

Performance  vs.  Design;  This  battery  was  initially 
constructed  to  contain  three  parallel  stacks  of  17  cells  each. 
Discharge  lives  under  the  constant  power  load  were  in  excess 
of  2000  seconds  for  both  "hot"-equilibrated  and  "cold"* 
equilibrated  units.  Figure  1  shows  the  model  prediction  and 
actual  performance  of  the  "cold"  three-stack  design. 


Discharge  Time,  seconds 


Figure  1.  EAP-12160  Discharge  Performance  Three- 

stack  "cold"  battery  ( — )  compared  to  model 

(  ). 


Because  of  the  large  margin  in  discharge  life  with  a 
three-stack  design,  and  the  modest  current  densities  involved, 
a  two-stack  build  was  proposed.  Pellet  weights  would  remain 
constant,  as  would  cell  heat  balance  and  thermal  insulation. 
Internal  battery  heat  content,  however,  would  change  because 
of  the  effect  that  changing  the  current  density  has  on  the 
entropic  cooling  and  resistive  heating  terms.  Figure  2  depicts 
the  battery  performance  and  model  prediction  for  this  two- 
stack  "cold"  unit.  Table  1  summarizes  the  expected  heat 
effects  on  both  "hot"  (initial  internal  stack  temperature  of 
500°C)  and  "cold"-stabilized  model  batteries  comparing  the 
differences  between  a  three-stack  design  and  a  two-stack 
design. 


Figure  2.  EAP-12160  Discharge  Performance  Two- 

stack  "cold"  battery  ( — )  compared  to  model 
(  )• 


Table  1.  Components  of  Cell  Heat  Changes 


Battery 

Configuration 

Cumulative  Heat  Change  after  1200  Seconds 
of  DischaTKe  (calories  per  cell)  ^ 

Chemical 

Transfer 

TAS 

12r 

Total 

Three-Stack, 

"Cold" 

+86.2 

-185.0 

+18.4 

-80.4 

Three-Stack, 

"Hot" 

+119.0 

-196.3 

+17.9 

-59.5 

Two-Stack, 

"Cold" 

+84.2 

-287.6 

+51.6 

-151.8 

Two-Stack, 

"Hot" 

+116.1 

-309.6 

+50.8 

-142.6 

A)  "+"  values  denote  heat  released  by  the  cell; 


values  denote  heat  taken  up  by  the  cell. 


As  noted  in  Table  1,  the  two-stack  "cold"  battery 
absorbed  over  70  calories  more  per  cell  during  the  1200 
seconds  of  discharge  than  did  the  three-stack  "cold"  battery. 
Most  of  this  was  due  to  the  entropic  cooling  term,  which  more 
than  offset  the  modest  resistive  heating  difference  that 
resulted  from  the  increase  in  current  density.  The  heat 
content  changes  attributable  to  chemical  transfer  arise  from 
the  loss  of  3.22  A-min  of  capacity  for  the  "cold"  units  over 
the  1200  seconds.  The  "hot"  units  lost  4.40  A-min  of 
capacity  in  the  self-discharge  reactions. 

Development  Sonobuov  Battery 

This  thermal  battery  feasibility/development  effort  is 
directed  toward  a  sonobuoy  program,  a  long-life  application 
more  typically  filled  by  Li/S02  chemistry.  The  sonobuoy 
battery  (SB)  is  currently  employing  a  lithium(alloy)/iron 
disulfide  system,  and  is  characterized  by  the  following 
physical  and  electrical  performance  goals: 
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3.0  pounds,  max. 

3.2S  in  dia.  by  4.80  in  long 
3600  seconds 
37  V  max.,  20  V  min. 

0°C  (with  -20°C  battery)  to 
+35°C  i+55°C  battery) 
100°C  max,  during  active 
life 

SO  -  one  second  pulses  of 
30  A  at  10%  duty  cycle 
during  3600  second  active 
life  in  addition  to  a  0.200 
A  constant  current  back¬ 
ground  load 

Battery  Performance:  Performance  testing  has  been 
conducted  by  applying  the  30-A  pulses  at  intervals  of  73 
seconds  during  the  one  hour  discharge.  Figure  3  graphs  a 
recent  "hot"  SB  test  and  compares  it  to  the  model  prediction. 


Discharge  Time,  seconds 


Figures.  Discharge  Performance  of  120°F  Battery 
Compared  to  Model.  Data  include  voltages  for 
battery  base  load  (ooo),  model  base  load  (  ), 

battery  pulses  (aaa),  and  model  pulses  ( — ). 


Total  heat  content  change  over  the  3600-second 
discharge  was  predicted  to  be  +87.1  cal/cell.  The  overall 
generation  of  heat  during  battery  discharge  contrasts  sharply 
to  the  cumulative  cooling  associated  with  the  EAP-i2l60 
battery.  Much  of  this  heat  generation  is  due  to 

1)  limitation  of  the  I^R  term  by  the  very  low  average 
current  density,  and 

2)  increase  in  the  amount  of  chemical  transport  (self- 
discharge)  by  the  very  long  discharge  time. 


Recent  battery  discharge  lives  attained  during  this  ongoing 
development  effort  were  2776  and  2850  seconds  for  "cold"- 
stabilized  units  and  3749  and  3762  seconds  for  "hot"  units. 

Conclusions 

The  entropic  cooling  term,  although  not  a  large  factor 
in  low-rate  cells,  is  important  in  total  heat  management  of 
moderate-rate  and  high-rate  cells.  An  increase  in  cell  area  or 
number  of  parallel  stacks  (usually  made  during  the  design 
phase  of  a  battery  to  achieve  voltage  regulation)  will  directly 
reduce  this  term.  Chemical  transport,  on  the  other  hand, 
becomes  more  important  as  battery  discharge  lives  become 
longer.  An  increase  in  cell  area  will  directly  increase  the 
degree  of  self-discharge.  As  thermal  battery  performance 
requirements  increase,  proper  design  technique  requires 
careful  consideration  and  management  of  nderlying 
contributions  to  heat  content  over  the  entire  s  lives. 
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Introduction 

The  need  for  a  long-life  thenaal  battery  with  an 
activated  life  In  excess  of  90  Minutes  presented 
developaent  challenges  with  the  existing  L1(S1)/FeS2 

technology  currently  being  used  at  Sandia.  The  tech¬ 
nology  had  been  used  successfully  previously  In  the 

developnent  of  a  one-hour  themal  battery.^  The 
longer  life  requirement  for  the  new  application, 
however,  necessitated  Increasing  the  heat  Input  to  the 
battery  to  Increase  the  time  for  maintaining  the 
electrolyte  molten.  The  thermal  stability  of  the  FeSj 

cathode  material  limited  the  success  of  this  approach, 
since  FeS2  decomposes  to  FeS  and  elemental  sulfur 

vapor  when  exposed  to  temperatures  In  excess  of  SS0°C 
for  any  appreciable  length  of  time  (e.g.,  over  10 
min). 


Falls,  NY)  and  a  10.2-mm  sleeve  of  Nin-K  TEIAOO^'^) 
(Schuller  Specialty  Insulations,  Denver,  CO)  and  12.7- 
mm  NIn-K  discs  on  the  ends. 

Testing 

A  stack  diameter  of  50.8  cm  (2  In.)  was  chosen  for 
the  design  application.  The  steady-state  or  back¬ 
ground  current  was  100  mA  which  corresponds  to  a 

current  density  of  5  mA/cm^;  the  pulse  current  was  10 
A  for  50  MS  and  corresponds  to  a  current  density  of 
» 

493  mA/cm  .  The  pulse  was  applied  every  10  min 
throughout  the  lifetime  of  the  battery.  The  steady- 
state  voltage  was  not  to  exceed  32  V  and  the  minimum 
voltage  during  pulsing  was  not  to  drop  below  22.5  V 
during  discharge.  The  heat-balance  range  studied  was 
82  to  100  cal/g  of  total  cell  mass  (Including  the  heat 
pellet).  The  activation-temperature  range  for  the 

long-life  application  was  -BA^’to  82**C. 


In  comparison,  CoS^  eliminates  a  large  part  of 

this  problem  because  It  Is  thermally  stable  to  about 

650°C.  Nestinghouse  researchers  have  previously  shown 
Co$2  to  be  a  viable  cathode  material  for  high-power, 

secondary-battery  applications  when  used  with  the 

all-lithium  LiCl-LiBr-LIF  eutectic. Because  of 
their  success,  we  explored  the  use  of  C0S2  as  a 

cathode  In  a  long-life  primary  battery  with  the  L18r- 
KBr-LIF  eutectic  electrolyte  developed  at  Sandia. 

The  low  melting  point  of  313°C  and  large  llquidus 
range  of  the  LiBr-KBr-LiF  eutectic,  coupled  with  Its 
good  Ionic  conductivity,  make  It  Ideally  suited  for 
such  an  application.  In  this  paper,  we  present  per¬ 
formance  and  characterization  data  for  long-life 
L1(S1)/CoS2  batteries  discharged  under  a  range  of  con¬ 
ditions  with  LiCl-KCI  and  LIBr-KBr-LIF  eutectic 
electrolytes,  along  with  comparative  data  for 
L1(S1)/FeS2  batteries.  In  addition,  we  will  discuss 

areas  of  research  that  need  to  be  addressed  In  order 
to  extend  the  activated  lives  even  more  than  the 
nominal  two  hours  achieved  In  this  study. 


Materials 

The  catholytes  used  In  the  study  contained  73.5* 
FeS2  or  C0S2,  25*  electrolyte-binder  (EB),  and  1.5* 

LI2O.  (All  compositions  are  In  weight  percent.)  The 

catholytes  were  fused  at  400®C  for  16  hours  under  an 
argon  atmosphere  prior  to  granulating  and  pelletizing. 
The  EB  used  In  the  catholyte  was  also  used  for  the 
separator.  The  L1C1-KC1  EB  contained  35*  Magllte  S 
MgO  (Calgon,  Pittsburgh,  PA)  and  the  low-melting  EB 
contained  25*  NgO.  The  anode  was  44*  L1-S1  and  the 
heat  source  was  88*  Fe/12*  KCIO^. 

The  battery  stack  was  Insulated  with  a  single  wrap 
of  l-mm  Flberfrax^*^^  blanket  (Carborundum  Co.,  Niagara 


The  Initial  development  work  was  performed  using 
10-cell  batteries.  A  total  of  18  cells  was  necessary 
In  the  final  battery  design  to  meet  the  voltage  re¬ 
quirements. 


Preliminary  evaluation  tests  were  conducted  with 
10-cell  batteries  based  on  FeS2  and  the  L1C1-KC1 

eutectic  electrolyte,  because  data  were  available  for 

this  design  for  the  earlier  long-life  battery.^  The 
optimum  heat  balance  for  this  design  was  92.5  cal/g 
using  Mln-K  TE1400  Insulation,  for  an  activation  tem¬ 
perature  range  of  18°  to  37°C,  which  Is  not  as  wide  as 
that  for  the  present  application.  Preliminary  tests 

performed  at  -30°  and  ■•■71°C  showed  that  the  one-hour 
battery  design  would  not  meet  the  new  long-life  re¬ 
quirements. 

Subsequent  tests  were  then  conducted  using  the 
LiBr-KBr-LIF  eutectic  In  place  of  the  L1C1-KC1  eutec¬ 
tic.  The  test  results  are  sumaarlzed  In  Table  1, 
along  with  the  preliminary  data  for  the  batteries 
built  with  L1C1-KC1  eutectic.  All  the  batteries  used 
the  same  heat  balance  of  92.5  cal/g  but  those  with  the 
low-melting  electrolyte  were  sealed  under  vacuum.  In 
an  attempt  to  reduce  heat  losses.  Batteries  were 
tested  5  min  beyond  the  original  requirement  of  3,600 
s,  to  obtain  additional  performance  Information. 

The  batteries  with  the  low-melting  electrolyte 
showed  significant  Improvement  In  activated  lives  over 
the  LICI-KCl-based  ones--espec1ally  for  cold  condi¬ 
tions.  However,  the  battery  activated  at  82°C 
exhibited  significant  overheating  with  strong  evidence 
of  thermal  decomposition  of  FeS2.  This  manlfpsted  It¬ 
self  by  a  premature  drop  In  voltage  due  to  the  FeS2  -- 

->  FeS  transition  which  was  the  cause  of  the  low 
voltage  at  3,900  s.  These  data  also  show  that  bat¬ 
teries  built  with  the  low-melting  electrolyte  require 
less  heat  Input  relative  to  those  based  on  L1C1-KC1. 


Table  1. 

Performance  Characteristics  of  10-Cell  Li(S1)/FeS2 

Thermal  Batteries  Built  with  L1C1-KC1  and  LIBr-KBr-LIF 
Electrolytes  and  a  Heat  Balance  of  92.5  cal/g 

Activ.  St.  State  Rise 
Activation  Life  to  Voltage  at  Time  to 

Electrolyte  Temp..  °C  13  V.  s  3900  5.JL  17,5  V.  JS 


L1C1-KC1 

-30 

3,600 

Failed 

840 

LiCl-KCl 

+71 

5,400 

16.3 

500 

LIBr-KBr-LIF* 

-54 

4,800 

17.1 

1,196 

LIBr-KBr-LIF* 

-40 

5,400 

17.5 

807 

LIBr-KBr-LIF* 

+82 

5,938 

14.1 

678 

*  Batteries  sealed  under  vacuum;  100  mA  background 
load:  10  A/50  ms  pulse  applied  every  10  min. 


Since  the  use  of  evacuated  batteries  did  not 
statistically  Increase  the  activated  lives  over  the 
standard  one,  all  subsequent  tests  were  conducted  with 
non-evacuated  units.  Apparently,  the  gases  generated 
upon  activation  tend  to  increase  the  heat-transfer 
losses  that  otherwise  would  not  occur  under  a  high 
vacuum. 


Minimum  Pulse  Voltage:  Subsequent  batteries  that 
were  tested  utilized  catholytes  based  on  C0S2,  because 

of  Its  greater  thermal  stability  relative  to  FeS2. 

The  effect  of  heat  balance  upon  the  minimum  voltage 
during  pulsing  Is  shown  In  Figure  1  for  10-ce11 
L1(S1)/CoS2  batteries  activated  under  cold  conditions 

(-54°C);  comparable  data  for  a  L1(S1)/FeS2  battery 

with  a  heat  balance  of  92.5  cal/g  are  Included  for 
comparison.  The  best  results  for  the  C0S2  batteries 

were  obtained  at  the  highest  heat  balance  of  99  cal/g. 
The  greatest  voltage  loss  occurred  for  the  FeS2  bat¬ 
tery. 
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Figure  1.  Minimum  Pulse  Voltage  as  a  Function  of  Heat 
Balance  for  10-Cell  L1{S1)/Metal  Sulfide 
Batteries  Using  LIBr-KBr-LIF  Eutectic 

Electrolyte  and  Activated  at  -54°C. 


The  effect  of  heat  balance  upon  the  minimum  volt¬ 
age  during  pulsing  Is  shown  In  Figure  2  for  the 

batteries  activated  under  hot  conditions  (B2°C);  com¬ 
parable  data  for  the  FeS2  battery  with  a  heat  balance 

of  92.5  cal/g  are  Included  for  comparison.  The  best 
results  for  the  C0S2  batteries  were  observed  at  a  heat 

balance  of  85  cal/g.  The  performance  of  the  FeS2  bat¬ 
tery  was  Intermediate  between  that  of  the  C0S2  battery 

at  the  lowest  heat  balance  and  those  at  the  higher 
heat  balances. 
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Figure  2.  Minimum  Pulse  Voltage  as  a  Function  of  Heat 
Balance  for  10-Cell  L1(S1)/Metal  Sulfide 
Batteries  Using  LIBr-KBr-LIF  Eutectic 

Electrolyte  and  Activated  at  82®C. 


Internal  Impedance:  The  trends  In  polarization  of 
the  C0S2  batteries  during  pulsing  followed  those  ob¬ 
served  for  the  minimum  pulse  voltage.  The  relative 
voltage  losses  were  Initially  comparable  for  all  of 
the  cold  batteries  but  Increased  rapidly  with  the  on¬ 
set  of  electrolyte  freezing.  This  occurred  sooner  as 
the  heat  balance  was  reduced.  The  smallest  voltage 
loss  for  the  hot  C0S2  batteries  occurred  at  the  lowest 

heat  balance  of  85  cal/g. 

The  pseudo- Impedance  of  the  C0S2  and  FeS2  bat¬ 
teries  (as  determined  from  the  voltage  drop  and  change 
in  current  during  pulsing)  Is  shown  In  Figures  3  and  4 

for  activation  temperatures  of  -54°  and  82°C,  respec¬ 
tively.  The  performance  trends  reflected  those 
observed  for  polarization  during  pulsing.  The  Initial 
Impedance  did  not  change  much  as  a  function  of  heat 
balance  for  the  cold  C0S2  batteries.  However,  the  ef¬ 
fect  of  heat  balance  was  more  pronounced  for  the  hot 
C0S2  batteries.  The  lowest  Impedance  for  the  hot  bat¬ 
teries  occurred  at  the  lowest  heat  balance. 

The  Impedance  of  the  FeS2  battery  under  hot  condi¬ 
tions  was  higher  than  that  for  the  C0S2  battery  at  a 

heat  balance  of  85  cal/g  and  less  than  those  for  the 
higher  heat  balances.  The  Impedance  of  the  FeS2  bat¬ 
tery  under  cold  conditions,  however,  was  almost  three 
times  greater  than  that  of  the  C0S2  batteries. 

Based  on  the  results  of  the  10-ce11  tests,  a  heat 
balance  of  85  cal/g  was  selected  as  optimum  for  the 
subsequent  18-cell  battery  design. 
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Figure  3. 


Battery  Impedance  as  a  Function  of  Heat 
Balance  for  lO-Cell  Li(Si)/Metal  Sulfide 
Batteries  Using  LiBr-KBr-LiF  Eutectic 

Electrolyte  and  Activated  at  -54®C. 


aaoeaug  aasawg  flecaug  mtacoMi 
oga  R|K 

WaANi%iiw<.iO>WWpmtii  mtfiOmta 


Figure  5.  Steady-State  Voltage  as  a  Function  of  Heat 
Balance  for  18-Ce11  Li(S1)/CoS2  Batteries 

Using  LiBr-KBr-LiF  Eutectic  Electrolyte  and 
Activated  at  -54°C  and  BZ^C 


Table  2. 


Performance  Characteristics  of  18-Cell  Li(S1)/CoS2 
Thermal  Batteries  Built  with  LiBr-KBr-LiF  Electrolyte 


Activation 
Temperature.  **C 


Heat  Bal.,  Act.  Life  Rise  Time 
cal/q  to  18  V.  s  to  17.5  V.  ms 


-54 

+82 

-54 

+82 


85 

6,000 

790 

85 

9,550 

416 

82 

5,400 

688 

82 

9,530 

420 

Figure  4.  Battery  Impedance  as  a  Function  of  Heat 
Balance  for  10-Ce11  Li(Si)/Meta1  Sulfide 
Batteries  Using  LiBr-KBr-LiF  Eutectic 

Electrolyte  and  Activated  at  82‘*C. 

18-Cell  Battery  Tests 

The  performance  of  thermal  batteries  can  sometimes 
be  impacted  as  a  result  of  scale  up  due  to  changes  in 
the  rate  of  heat  loss  associated  with  size  effects. 

It  is  sometimes  necessary  to  reduce  the  heat  balance 
for  the  scaled-up  batteries  as  a  result.  For  this 
reason,  a  limited  number  of  tests  were  conducted  with 
18-ce11  Li(Si)/CoS2  batteries  at  a  heat  balance  of  82 

cal/g  as  well  as  the  optimum  heat  balance  of  85  cal/g 
found  for  the  10-ce11  batteries. 

Steady-State  Voltage:  The  steady-state  voltage 
under  the  100  mA  background  load  is  shown  in  Figure  5 
for  the  18-cell  L1{Si)/CoS2  batteries  activated  under 

both  hot  and  cold  conditions.  Better  results  were  ob¬ 
tained  for  the  hot  batteries  at  the  lower  heat 
balance.  However,  the  decrease  in  activated  life  for 
the  cold  battery  at  a  heat  balance  of  82  cal/g  was  un¬ 
acceptable.  The  best  overall  results  were  still 
observed  with  a  heat  balance  of  85  cal/g. 


The  performance  characteristics  for  the  18-ce11 
batteries  are  smmarized  in  Table  2.  (The  activated 
life  was  defined  as  the  time  the  battery  voltage 
dropped  below  18  V,  either  during  steady  state  or 
while  pulsing.) 


*  100  mA  background  load;  10  A/50  ms  pulse  applied 
every  10  min. 

Activated  lives  to  70X  of  peak  voltage  of  2.65  hours 
were  achieved  for  the  hot  batteries  and  as  high  as 
1.67  h  for  the  cold  ones.  These  are  the  longest  ac¬ 
tivated  lives  reported  for  thermal  batteries. 

Minimum  Pulse  Voltage:  The  corresponding  minimum 
pulse  voltages  for  these  18-cell  batteries  are  shown 
in  Figure  6.  The  trends  displayed  are  similar  to 
those  observed  for  the  steady- state  voltage  (Figure 
5). 

Internal  Impedance:  The  internal  impedances  of 
the  18-cell  batteries  are  shown  in  Figure  7.  The  in¬ 
ternal  impedances  on  a  per-cell  basis  were  comparable 
for  the  10-  and  18-ce11  batteries. 

The  sudden  increase  in  impedance  reflects  the  on¬ 
set  of  electrolyte  freezing.  The  large  temperature 
range  required  for  activation  for  the  present 

application--a  spread  of  128®C--makes  it  difficult  to 
maximize  the  activated  life  under  both  hot  and  cold 
conditions.  Increasing  the  heat  balance  to  extend  the 
lifetime  of  the  cold  batteries  invariably  lead  to 
overheating  of  the  hot  ones  at  the  cold  optimum  heat 
balance. 

Areas  of  Future  Work 

Me  are  currently  pursuing  two  main  areas  of  re¬ 
search  to  increase  the  lifetime  of  thermal  batteries 
even  further.  These  involve  thermal  management  and 
thermal  stability  of  the  cathode. 
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Figure  6.  Nlnlmin  Pulse  Voltage  as  a  Function  of  Heat 
Balance  for  18-Cell  L1(S1)/CoS2  Batteries 

Using  LiBr-KBr-LiF  Eutectic  Electrolyte  and 
Activated  at  -54°C  and  a2®C 
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Figure  7.  Battery  Impedance  as  a  Function  of  Heat 
Balance  for  18-Cell  Li(S1)/CoS2  Batteries 

Using  LiBr-KBr-LiF  Eutectic  Electrolyte  and 
Activated  at  -54®  and  82®C 


Improved  Thermal  Insulation:  The  Hin-K  type  of 
insulation  has  the  lowest  thermal  conductivity  of  any 
commercial  insulation,  other  than  a  vacuum-foil  type. 
The  latter  works  well  only  with  larger  systems,  such 
as  the  high-temperature  secondary  batteries  developed 
at  Argonne  National  Laboratory  for  electric-vehicle 

applications.^  These  are  impractical  for  the  much 
smaller  thermal  batteries  because  of  thermal  shunting 
by  conduction  at  the  ends  of  the  battery.  This  tech¬ 
nology  would  also  be  prohibitively  expensive  and  would 
pose  production  nightmares  in  terms  of  assembly  and 
quality  control. 

Aeroml  insulations,  on  the  other  hand,  offer  the 
potential  for  even  better  Insulating  properties  than 
Nin-K  under  proper  conditions.  The  thermal  conduc¬ 
tivity  of  aerogels  can  be  up  to  a  third  of  that  of 

Min-K  Insulation.®  There  are  problems,  however,  in 
high-temperature  applications  because  aerogels  are 
transparent  to  infrared  in  the  region  of  3  to  8 
micrometers.  It  will  thus  be  necessary  to  add  thermal 
opacifiers  to  mitiute  this  problem.  Me  are  actively 
pursuing  the  use  of  aerogel  Insulation  for  thermal- 
battery  applications  as  an  alternative  to  Nin-K. 


Sgtgndary  Hsillos*  A  second  thermal -management 
approach  we  are  examining  is  secondary  (sequential) 
heating.  This  involves  the  use  of  two  heat  sources  in 
the  battery.  The  first  would  be  used  as  normal  and 
the  second  one  would  be  ignited  much  later  In  dis¬ 
charge  to  provide  a  thermal  boost  to  extend  the 
lifetime  of  the  battery.  Me  are  depending  heavily 
upon  our  thermal  model  for  assistance  in  this  work. 

iNPrqvCil  Cathodes:  The  issue  of  the  thermal 
stability  of  the  cathode  will  ultimately  determine  how 
long  a  thermal  battery  can  be  maintained  at  a  high 
initial  temperature  after  activation.  A  cathode  with 

a  thermal  stability  of  700®C  or  greater  is  desirable 
for  such  an  application.  Me  are  currently  examining  a 
number  of  cathode  materials  with  high  thermal 
stability  and  with  an  emf  of  at  least  2  V  vs.  Li. 

Conclusions 

The  requirement  for  a  long-life  thermal  battery 
with  an  activated  life  in  excess  of  90  min  and  an  ac¬ 
tivation  range  of  -54®  to  82®C  cannot  be  met  with  the 
conventional  Li(Si)/FeS2  system  using  the  L1C1-KC1 

eutectic.  By  substitution  of  the  lower-melting  LiB- 
KBr-LiF  eutectic  for  the  LiCl-KCl  eutectic,  it  is 
possible  to  attain  lifetimes  of  80-90  min.  However, 
excessive  thermal  decomposition  of  FeS^  results  with 

the  hot  battery. 

Experiments  with  10-cell  Li(Si)/CoS2  batteries 

show  that  a  heat  balance  of  85  cal/g  is  optimum  for 
the  new  long-life  application  when  using  the  LiBr-KBr- 
LiF  eutectic.  Thermal  decomposition  of  CoS^  becomes 

noticeable  at  the  highest  heat  balance  of  99  cal/g. 

In  scale-up  tests  with  18-cell  batteries,  activated 
lives  in  excess  of  2-1/2  h  for  hot  condition  and  more 
than  1-1/2  h  for  cold  conditions  can  be  attained. 
Further  work  is  underway  to  develop  alternate  insula¬ 
tion  and  cathode  materials  to  increase  the  lifetime  of 
thermal  batteries  even  more. 
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by 
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1  INTRODUCTION 

The  Swedish  JAS39  Aircraft  is  a  single  engine,  multirole  air¬ 
craft  -  fighter,  attack  and  reconnaissance.  It  is  a  small  aircraft,  to  get 
low  price,  low  operational  costs  and  a  low  visibility  signature.  I^- 
thermore  it  has  superb  manoeuvrability,  reduced  stability  and  uses  a 
digital  -  Fly  by  wire  -  flight  control  system. 

The  single  engine  q^lication  makes  heavy  demands  upon  the 
emergency  power  system.  In  this  system,  high  capacity,  long  life 
Thermal  Batteries  are  used  as  the  power  source. 

This  paper  will  give  a  short  description  of  the  secondaiy  and 
emergency  power  systems  and  explain  the  choice  of  thermal  batter¬ 
ies  as  the  emergency  power  source. 

2  SECONDARY  POWER  SYSTEM 

The  Secondary  Power  System  (SPS)  schematic  is  given  in  Fig  1 . 

SPS  can  be  divided  into  three  subsystems: 

1 .  Auxiliaiy  Power  Unit,  APU 

2.  Aircraft  Gearbox  with  accessories,  AGB 

3.  Auxiliary  and  Emergency  Power  System,  AEPS 

Swedish  Air  Force  has  requited  a  very  flexible  base  system. 
Ordinary  roads  are  used  for  take  off  and  landing.  This  method  of  op¬ 
eration  requites  a  self  contained  aircraft  without  use  of  Ground  Pow¬ 
er  Units  (GPU).  That  is  the  reason  why  the  layout  of  the  SPS  was 
planned  as  shown  in  Fig  1. 


On  ground  the  APU  supplies  pneumatic  power  to  the  auxiliary 
system  which  supplies  electric  and  hydraulic  power  to  the  aiicraft 
when  the  main  engine  is  not  tunning.  All  checks  of  the  various  sys¬ 
tems  in  the  aircraft  can  be  performed  under  this  operational  mode.  If 
a  failure  occurs  in  dm  AGB  or  its  accessories  the  main  engine  sup- 
plws  pneumatic  power  to  the  auxiliary  system.  If  main  engine  flame 


out  occurs  during  flight,  the  EPS  siqiplies  electric  and  hydraulic  pow¬ 
er  to  the  aircraft. 

I  EMERGENCY  POWER  SYSTEM  lEPS) 

The  EPS  is  the  last  link  in  the  power  siqtply  chain.  When  needed 
it  has  to  start  and  then  produce  required  power.  As  the  aircraft  has  re¬ 
duced  stability,  no  power  intetnqx  is  acc^ted.  Most  critical  is  the  hy- 
draulic  supply.  With  dte  small  l^draulic  accumulator  installed  in  the 
ainraft  a  starting  time  for  the  EK  of  max  1.5  sec  is  required. 

II  Original  EPS 

When  the  JAS39  aircraft  program  started,  more  then  10  years 
ago,  a  thorough  survey  of  different  methods  and  ptincqdes  of  EPS 
were  perfoni^  At  ditt  time  a  chemical  stored  energy  system  was 
proven  to  be  the  best  and  was  consequently  chosen.  A  bi-propellant 
system  widi  methanol  and  gaseous  oxygen  was  chosen,  because  the 
mcnv^nopellant  Hydrazin  was  not  alltn^  in  Sweden. 

The  hot  gas  produced  in  die  system  could  be  introduced  into  the 
auxiliary  turbine  therefore  driving  the  auxiliaty  generator  and  hy¬ 
draulic  pump.  No  extra  accessories  are  needed  for  the  emergency 
mode. 

During  the  develt^ment  {diase  of  the  bi-pn^iellem  system  it  be¬ 
came  evident  that  the  system  could  not  be  produced  as  a  reliable  and 
safe  system  within  required  project  schedule.  In  order  to  guarantee 
the  ainnaft  developmem  schedule,  Saab  installed  extra  NiCd-  batter¬ 
ies  and  motordriven  hydraulic  pumps  for  die  emergency  power  sys¬ 
tem.  Those  systems  are  heavy  but  are  a  proven  concqit  in  the  Saab 
37  Viggen  aircraft.  In  the  juototype  JAS39  aircraft  the  extra  weight 
and  high  maintenance  cost  was  acceptaUe. 

The  EPS  analysis  was  then  rqieitted  and  it  became  evident  diat 
theimal  batteries  with  required  cqiacity  and  performance  had  been 
developed. 

2^  New  EPS 

During  the  1980’s  higher  ciqiacity  and  long  life  dieimal  batter¬ 
ies  had  be»  developed.  Also,  small  efBciem  hydraulic  packages 
were  available.  The  attentitHi  was  drawn  to  those  advances  to  fbim 
the  new  EPS. 

The  most  prcnnising  battery  type  was  die  Lithium  Aluminium- 
Iron  Disulfide  battery  and  SAFT  AMERICA  INC  was  given  die  task 
to  develt^,  test  and  supply  diat  type  of  battery. 

ABEX,  Germany  was  chosen  to  stqiply  the  Hydraulic  Package 
with  a  French  motor  fiom  Auxilec. 

A  joint  team  with  particqiants  from  LUCAS  -  supplier  of  the 
AEPS  -,  SAFT,  ABEX  SAAB  was  formed  to  perform  a  feasibil¬ 
ity  study  of  the  new  system. 

As  time  was  critical  only  two  months  were  allocated  to  reach  a 
decision  to  change  EPS  jdiilosophy  for  JAS39  from  hot  gas  to  ther- 
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mal  batteries.  A  schematic  of  the  new  EPS  is  shown  in  Fig  2. 


SAFT  undertook  to  build  a  number  of  batteries  for  the  feasibil¬ 
ity  testing  and  ABEX  made  a  hydraulic  package  available.  Testing 
was  performed  at  different  temperatures  and  the  results  were  very  en¬ 
couraging.  The  tests  showed  Aat  it  was  possible  to  use  thermal  bat¬ 
teries  for  the  EPS.  Within  the  required  temperature  range;  the 
batteries  delivered  the  requited  ctqtacity,  power  and  duration;  also, 
they  were  quick  to  activate  and  reacted  quickly  to  load  changes. 

Typical  test  results  are  shown  in  Fig  3. 

The  battery  for  supplying  the  EXT-bus  was  not  tested  during  the 
feasibility  study.  However,  the  study  had  shown  that  the  proposed 
system  was  appropriate  and  could  do  the  job. 


Figure  2  JAS39  new  EPS  schematic 


s  DEVELOPMENT  AND  QUALIFICATION  TESTING 


Originally  two  battery  designs  were  needed;  One  to  provide 
power  to  the  hydraulic  system  and  the  other  to  provide  power  to  the 
aircraft  emergency  DC  bus.  From  installation  point  of  view  two 
identical  battery  modules  were  required  for  the  hydraulic  system. 

By  going  to  that  type  of  EPS  one  mote  hydraulic  pump  was  in¬ 
troduced  into  the  SPS. 

Furthermore,  no  AC -power  is  available  during  emergency 
conditions.  It  was  determined  to  be  acceptable  to  delete  the  AC- 
power  if  the  operating  time  of  the  new  ^S  was  increased  when 
changing  from  hot  gas  to  thermal  battery  EPS. 

i  METHODS  AND  TOOLS  USED  TO  DEFINE  THE 
NEW  EPS 

The  team  initiated  the  definition  of  an  interim  system  to  be 
used  along  with  real  hardware  testing  to  prove  out  the  concept. 
Specifications  along  with  performance  requirements  for  the  final 
EPS  were  defined. 


The  required  output  from  the  hydraulic  system  is  specified  as  a 
hydraulic  oil  mass  flow  versus  time  and  the  oudet  oil  pressure  is  not 
allowed  to  fall  below  a  certain  value.  Starting  and  operating  times  are 
also  important  requirements. 

Typical  figures  of  required  oil  mass  flow  and  operating  time  is 
shown  in  Fig  4. 


RaquridhmOltnn) 


Figure  4  Required  emergency  oil  mass  flow. 


A  simulation  model  of  the  -"core”-  of  the  hydraulic  parts  of 
EPS  (thermal  battery,  DC-motor,  hydraulic  pump  and  hydraulic  ac¬ 
cumulator)  -  was  generated  in  order  to  define  and  specify  the  re¬ 
quirements  of  the  system  and  also  to  provide  the  interim  system  for 
feasibility  testing. 

The  model  was  built  for  dynamic  simulations.  All  kinds  of  op¬ 
eration  of  the  EPS  could  be  studied  i.e.  start,  stop,  load  changes, 
steady  state,  etc. 

The  characteristics  of  the  above  mentioned  cote  items  were 
transformed  to  equations  and  actual  volumes,  masses,  torques  etc. 
were  introduced  into  the  model. 


These  requirements  were  generated  from  the  Flight  Control 
System  requirements.  Pulse  power  response  from  the  thermal  battery 
is  required. 

The  EPS  is  designed  to  operate  after  an  engine  flame  out  at  high 
altitude  down  to  altitudes  which  permit  APU  and  engine  assisted  re¬ 
starts.  After  a  successful  main  engine  restart  the  EPS  power  is  not  re¬ 
quired  any  longer.  If  it  has  not  l>Mn  possible  to  successfully  restart 
die  engine,  the  pilot  will  be  leaving  the  aircraft  if  he  can  not  reach  a 
more  immediate  airfield  or  if  the  is  not  operating.  It  is  not  pos¬ 
sible  to  land  the  JAS39  with  only  the  EPS  operating.  As  a  minimum 
operation  of  the  Auxiliary  Hydraulic  system  is  required  for  a  suc¬ 
cessful  aircraft  landing. 


The  battery  proposed  by  SAFT  was  a  lithium  primary  battery 
which  had  low  weight/energy-ratio  (kg/Ws)  and  low  maintenance 
cost.  It  is  a  Lithium-Iron  Disulfide  thermal  battery  with  Lithium  Alu¬ 
minium  as  anode  material.  The  electrolyte  is  LiCl-KQ-MgO  melting 
at  approx.  350  °C. 

Each  module  of  the  batteries  has  two  Electro  Explosive  Igniters 
(EEI)  for  firing  of  the  Heat  Source  (Zr/Ba  Cr04  Fe/KC104)  which 
melts  the  electrolyte.  Monitoring  systems  to  check  if  the  batteries 
have  been  activated  are  built  into  the  batteries  by  fusible  links  -  re¬ 
sistance  measuring-. 


Figure  3 


Typical  feasibility  test  results. 
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Batteiy  characteristics  are  shown  in  Fig  S  and  the  final  assem¬ 
bly  is  shown  in  Hg  6.  See  also  Ref.  1 . 
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Figure  5  Thermal  battery  characteristics. 

Fig.  5  shows  that  when  the  current  drawn  from  the  battery  is 
pulsed  tetween  two  limits  a  corresponding  variation  in  outlet  volt¬ 
age  is  obtained,  (high  current  -  low  voltage).  It  is  also  clearly  seen 
that  the  voltage  is  di^reasing  with  operational  time. 
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Figure  6  Thermal  battery  assembly. 


The  hydraulic  pump  is  a  9  cylinder  axial  piston  pump  with  a  soft 
cut-off  control  in  oi^r  to  limit  the  iiqMit/outlM  power.  Its  character¬ 
istics  are  shown  in  Fig  7. 

Prasaur* 


Figure  7  Emergency  Hydraulic  Pump  characteristics. 


The  DC-motor  is  a  4  brush,  air  cooled  motor,  explosion  proof 
Its  characteristics  are  shown  in  Fig  8. 
speed  - 11 1 0  ®  rpm  Current  -  A 


Outline  drawing  of  the  EHP  is  shown  in  Fig  9. 
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Figure  9  Emergency  Hydraulic  pump/motor. 
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Typical  results  from  the  simulation  model  are  shown  in  Fig  10. 
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Figure  10  Results  from  simulation. 


An  extensive  qualification  and  rig  testing  has  been  performed 
with  the  EPS. 

The  system  has  been  successfully  tested  in  the  -  Iron  bird  -  Hy¬ 
draulic  Rig  -  Flight  Simulator  at  Saab.  The  battery  system  has 
"flown**  the  specified  emergency  profile  by  a  pilot  in  the  Simulator 
and  it  has  demonstrated  over  ct^city.  SiiKe  Ok  battery  system  has 
demonstrated  excess  tun  time  (over  capacity),  redesign  to  more 
closely  match  the  system  requirements  would  permit  reduction  in 
system  weight  and  volume.  An  activation  of  the  system  in  an  aircrafr 
on  the  ground  has  also  been  performed  to  check  the  installation  ef¬ 
fects.  All  performed  well. 

During  qualification  testing  of  the  system  we  have  experienced 
difficulty  in  meeting  the  vibration  requirements.  The  failure  mode 
has  been  shotted  ceUs. 

The  fusible  link  design  has  been  modified  because  in  the  begin¬ 
ning  consistent  and  repeatable  results  were  not  achieved  when  con¬ 
ducting  die  system  checks. 

Cunently  the  EPS  uses  three  identical  thermal  batteries  to  pro¬ 
vide  power  to  the  hydraulic  system  and  die  emergency  DC-bus. 


1 


TB  hydraulic 

24,4 

kg 

EHP 

10,5 

kg 

TB  electric 

10,2 

kg 

TPU 

30,2 

kg 

AECU 

7,4 

kg 

Miscellaneous  (Inst) 

13,3 

kg 

Total 

96,0 

kg 

The  comparable  weight  for  the  original  AEPS  was  108  kg. 
s  ACCESSABILITY  AMP  RELIABILITY 

The  probability  for  loss  of  power  from  the  EPS  shall  be  no  more 
than  4  to-*  during  one  hoiir*$  flight. 

The  number  of  Line  Replacable  Units  (LRU)  were  decreased 
frcHn  26  to  1 1  when  going  from  a  hot  gas  system  to  a  thermal  battery 
system. 

2  NON  DESTRUCTIVE  TESTING 

The  Swedish  Defense  Materiel  Administation  (FMV)  has  initi¬ 
ated  a  program  with  the  objective  to  be  able  to  detect  different  types 
of  failures  of  the  batteries  during  manufacturing  and  acceptance 
processes  and  also  periodically  during  the  service  life  of  the  batteries. 
That  method  is  presented  during  this  conference.  See  Ref.  2. 

In  the  aircraft  the  EHP  is  tested  every  2(X)  flight  hour.  The  fusi¬ 
ble  links  are  monitored  continuously  during  the  fli^t.  The  battery  ig¬ 
niters  are  tested  with  a  10  mA  current  tefore  every  mission.  No 
degradation  of  the  igniters,  because  of  these  tests,  have  been  demon¬ 
strated  according  to  Ref.  3. 

IS  LlEE.CICLECOSKLCa 

A  comparison  of  the  LCX^  for  the  two  systems  was  in  favour  of 
die  thermal  battery  system.  At  diis  time  a  service  life  of  the  batteries 
was  estimated  to  10  years. 

u  SljMMARY 

The  EPS  in  the  JAS39  aircrafr  of  the  present  layout  and  as  de¬ 
scribed  in  diis  paper  is  now  fuUy  qualified  and  is  operative  in  the  pro¬ 
duction  aircraft.  The  EPS  has  been  given  a  simple  and  straight 
forward  layout  with  a  low  weight  and  few  LRU*s.  With  the  possibil¬ 
ity  of  monitoring  the  batteries  state  of  healdi  during  the  service  lifean 
oncondidon  maintenance  will  be  achieved  which  will  lower  the 
LCr. 


&  INSTALLATION  IN  JAS39 


The  instaUation  of  the  SPS  in  the  JAS39  is  shown  in  Figure  1 1. 
The  battery  modules  are  mounted  in  thermally  insulated  brackets  to 
protect  the  aircraft  aluminium  structure  from  heat  transfer  from  the 
high  temperature  surfaces  of  the  batteries  after  activadoa 


Thermal  batteries  have  helped  us  to  solve  a  difficult  design 
problem  in  the  single  engine  JAS39  aircraft.  A  safe  and  trastworthy 
system  has  been  iristalled. 
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LARGE  THERMAL  BATTERIES  FOR 
EMERGENCY  AIRCRAFT  POWER 


Joe  Wells  and  Romy  Saltat 
Eagle-Picher  Industries,  Inc. 
Electronics  Division,  Couples  Department 
“C”  and  Porter  Streets 
Joplin,  Missouri  64802-0047 


Introduction 


The  JAS-39  Grypen  fighter  aircraft  will  use  three  large 
thermal  batteries  for  emergency  electronics  and/or  hydraulic 
power  in  the  event  of  a  subsystem  or  main  engine  failure.  A 
thermal  battery  has  several  advantages  including  operation  at 
widely  divergent  temperatures  without  heater  power,  fast 
risetimes  to  full  power,  a  high  energy  density,  long  shelf  life, 
maintenance-free  design,  as  well  as  envirotunental  and  safety 
considerations.  These  advantages  led  to  the  selection  of  a 
thermal  battery  design  over  other  types  of  battery 
electrochemistries,  and  over  alternate  systems  such  as 
hydrazine  and  methanol/oxygen. 

The  original  JAS-39  fighter  design  used  one  thermal 
battery  for  emergency  electrical  power  requirements  and  two 
batteries  for  emergency  hydraulic  power.  These  batteries  were 
similar  in  length  and  number  of  cells,  but  v.ere  not  identical. 
Due  to  enhanced  cell  performance,  Eagle-Picher  has  been  able 
to  offer  a  single  battery  design  that  meets  both  the  emergency 
electrical  and  hydraulic  needs.  This  allows  total  inter¬ 
changeability  of  a  single  design  in  any  of  three  required 
battery  positions  in  the  JAS-39  aircraft.  This  interchange- 
ability  allows  greater  economy  of  scale  in  battery  manufacture 
as  well  as  reduced  depot  inventory. 


Requirements 

The  thermal  battery  for  the  JAS-39  Aircraft  is  a 
relatively  large  thermal  battery  at  6.00  inches  outside  diameter 
by  8.21  inches  long,  weighing  9.5  kilograms.  The  associated 
wiring  harness,  connector,  and  bracket  assembly  bring  the  total 
weight  to  10.2  kilograms.  A  drawing  of  the  battery  is  showm 
in  Figure  1. 

The  battery  has  a  nominal  28  Vdc  output  with  the 
requirements  sutiunarized  in  Table  1  and  frulher  discussed 
below.  The  battery  design  must  meet  an  electronics  mission  at 
a  constant  power  load  of  1.8  kW  (approximately  75  to  90 
amperes  average  current)  for  540  seconds.  Alternately,  it  must 
also  satisfy  the  hydraulic  mission  which  requires  a  75  ampere 
base  load  with  pulses  up  to  200  amperes.  Tlie  constant  power 
electronics  load  and  the  pulsed  hydraulic  load  along  with  their 
voltage  requirements  are  shown  in  Figures  2  and  3 
respectively.  In  addition,  the  battery  must  also  meet  peak 
voltage  and  safety  concerns  during  a  low  discharge  rate  of  2 
amperes. 


Figure  1.  Battery  Outline 


Table  1.  Requirements  Summary 


Size; 

6.00  inches  diameter  x  8.21  inches  long 
plus  cormector,  cables  and  brackets 

Weight: 

9.5  kg 

(10.2  kg  with  added  hardware) 

Mission  Life: 

540  seconds 

Temperature 

Extremes: 

-40‘’C  to  +77°C  (-40°F  to  +170‘’F) 
plus  30  minute  soak  at  +80°C  (+176°F) 

Vibration: 

10.3  Gms  for  1.5  hours/axis 

Voltage  Range: 

3 1.5  to  23.0  Vdc  (Electronics  load) 

31.5  to  16.0  Vdc  (Hydraulic  load) 

Electronics  Load: 

1,800  watts  constant  loading 
(75  -  90  amps) 

Hydraulics  Load; 

75  amp  baseload  with  pulses  to 

200  amps 

Safety: 

2  amps  parasitic  load 
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Figure  2.  Electronics  Load  Profile 


Figure  4.  Endurance  Vibration  Profile 


The  battery  activation  time  shall  be  less  than  1.2 
seconds  at  temperatures  above  25  °C  and  less  than  1.6  seconds 
at  temperatures  between  -40°C  and  25'’C.  Activation  time  is 
the  time  interval  between  the  initiation  signal  and  the  time  at 
which  the  battery  output  reaches  26.0  volts  at  a  90  ampere 
load.  The  battery  must  meet  the  electrical  performance 
requirements  after  extreme  temperature  stabilization  from 
-40°C  to  77°C  followed  by  exposure  to  80°C  for  30  minutes. 
The  battery  must  withstand  a  rigorous  endurance  random 
vibration  (see  Figure  4)  of  10.3  Gms  for  1.5  hours  applied 
along  three  mutually  perpendicular  axes.  The  operating 
random  vibration  profile  is  shown  in  Figure  5. 


The  JAS-39  Battery  (Eagle-Picher  Part  Number  EAP- 
12188)  was  designed  with  three  stacks  of  16  cells  coimected  in 
parallel  as  shown  in  Figure  6  in  order  to  meet  the  peak  voltage 
requirement  of  3 1 .5  Vdc  and  to  reduce  the  current  density. 
The  cells  outside  diameter  is  5.00  inches  and  the  inside 
diameter  is  0,312  inch,  yielding  an  effective  area  of  19.56 
square  inches  or  a  total  cell  area  of  58.68  square  inches  (378.6 
cm^)  for  three  stacks  connected  in  parallel.  The  battery  was 
developed  with  standard  compositions  for  all  the  active 
materials.  The  anode  contains  44%  Lithium(Silicon)  alloy  and 
the  cathode  is  Iron  Disulfide.  The  electrolyte  is  a  mix  of  LiF, 
LiCl,  LiBr,  and  KBr  with  35%  magnesium  oxide  as  the  binder. 
The  heat  source  is  a  standard  84/16  Iron/Potassium 
Perchlorate.  Dual  electrode  cell  construction  was  used  to 
reduce  degradation  of  the  anode  and  cathode  and  moderate  the 
thermal  energy  generated  by  the  heat  source  in  order  to 
achieve  performance  over  the  long  mission  of  the  battery. 
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Figure  6.  Cell  Stack 


Actual  Performance 


Typical  performance  under  the  hydraulic  load  profile  at 
the  low  temperature  extreme  is  shown  in  Figure  7.  The  battery 
performed  for  1322  seconds  when  subjected  to  the  hydraulic 
load  shown  in  Figure  3  after  stabilization  at  -40°C.  The 
battery  potential  dropped  from  28.70  volts  to  24.70  volts  when 
the  200  ampere  pulse  is  applied  after  operating  under  a  90 
ampere  base  load.  The  voltage  drop  indicates  the  battery 
impedance  is  0.036  ohms  with  the  Area  Specific  Impedance 
(ASl)  0.065  ohm-cmVcell  (0.010  ohm-inVcell).  The 
impedance  stayed  relatively  low  under  the  final  pulse  at  490 
seconds.  The  ASl  is  0.58  ohm-cm^/cell  (0.09  ohm-in^/cell), 
with  an  excellent  voltage  margin  above  the  16.0  Vdc 
requirement. 


Typical  performance  under  die  electronics  load  of  1.8 
kilowatts  at  high  and  low  temperature  extreir^s  are  depicted  in 
Figures  8  and  9  respectively.  The  low  temperature  stabilized 
battery  has  a  shorter  operating  life  of  600  seconds  compared  to 
1,000  seconds  for  the  high  temperature  stabilized  battery.  The 
operating  lives  of  the  low  and  high  temperature  batteries  are 
unbalanced  by  design.  To  optimize  the  safety  of  the  battery 
when  installed  in  the  aircraft  and  during  operation  under  a 
parasitic  load  of  no  more  than  2.0  amperes,  the  amount  of  heat 
input  to  the  battery  was  kept  to  a  minimum.  This  was 
accomplished  by  reducing  the  weight  of  the  pyrotechnic  pellet 
of  each  cell  with  the  minimum  calorific  input  to  support  the 
mission  life  of  540  seconds  with  an  approximately  60  second 
margin  when  operating  at  the  low  temperature  extreme. 


Figure  8.  Performance  Under  Electronics  Load 
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Figure  9.  Performance  Under  Electronics  Load 


Figure  7.  Performance  Under  Hydraulics  Load 
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When  subjected  to  a  parasitic  load  of  2  amperes,  the 
high  temperature  stabilized  ^ttery  performed  for  more  than 
10,000  seconds  (2.8  hours)  to  23.0  volts,  and  approximately 
13,300  seconds  (3.8  hours)  to  0  volts  as  shown  in  Figure  10. 
There  was  no  detrimental  effect  on  the  structural  integrity  of 
the  battery  container  as  a  result  of  exposure  to  die  parasitic 
load.  Under  this  worst  case  operating  condition,  the  battery 
case  temperature  did  not  exceed  300  °F  as  depicted  in  Figure 
11.  The  low  case  temperature  was  achieved  by  the  use  of 
Fiberfrax*  and  high  efficiency,  flexible  Microtherm* 
insulation. 
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Figure  10.  Electrical  Performance  Under  2  Amperes 
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Figure  11.  Case  Temperature 


Based  on  actual  electrical  performance,  allowable 
maximum  and  minimum  voltage  levels  and  physical  properties, 
the  energy  density  and  specific  energy  of  the  battery  are  shown 
in  Table  2. 


Table  2.  Battery  Energy  Density  and  Specific  Energy 


Conclusions 

The  EAP-I2I88  Thermal  Battery  has  been  subjected  to 
electrical  performance  and  rigorous  environmental  testing 
during  development,  design  verification  phase,  and 
qualification  testing.  The  battery  as  designed  by  Eagle-Picher 
Industries  Inc.,  meets  all  the  rigid  specification  requirements  of 
the  JAS-39  Aircraft. 

Due  to  the  relatively  large  size  and  performance 
requirements  of  this  battery  design,  future  high  power 
batteries  can  be  enhanced  from  this  baseline  design.  Foreseen 
applications  include  other  types  of  fighter  aircraft,  commercial 
aircraft,  torpedo,  and  sonobuoy  applications. 


This  woric  was  supported  by  both  Lucas  Aerospace 
Ltd.,  Hemel-Hempstead,  Hertfordshire,  England,  and  Si^B- 
SCANIA  AB,  Linkbping,  Sweden. 


THERMAL  OPTIMIZATION  OF  U(AiyFeS2  THERMAL  BATTERIES 
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Army  Research  Laboratory 
2800  Powder  Mill  Road 
Adelphi.  MD  20783-1145 


Introduction 

Ordnance-type  Li(  Al)/FeS,  thermal  batteries  have  operating  tem¬ 
peratures  ranging  from  400  to  600°C  and  are  often  limited  in  their 
lifetimes  by  heat  transfer  rather  than  by  electrochemical  depletion.  The 
electrochemical  capabilities  of  these  systems  have  been  extensively 
researched,  and  significant  improvements  in  power  and  energy  densi¬ 
ties  of  the  electrochemical  cells  themselves  are  not  expected.'  It  does 
appear,  however,  that  many  such  production-type  batteries  could  be 
made  significantly  smaller  by  improved  heat-transfer  engineering. 

In  practice,  the  heat  balance  and  geometry  of  most  production 
Li(Al)/FeS,  batteries  are  determined  empirically.  A  previously  suc¬ 
cessful  ratio  of  pyrotechnic  to  cell  weight  is  often  used  at  the  beginning 
of  a  development  program.  Batteries  are  constructed  and  tested.  The 
ratio  of  pyrotechnic  to  cell  weights  and  the  amount  of  pyrotechnic 
material  used  at  other  points  in  the  battery,  most  notably  in  the  thermal 
insulation  at  the  cell  stack  ends,  are  then  adjusted  as  necessary  to 
produce  the  required  electrical  output  for  the  required  lifetime. 

Computer  analyses  of  the  heat-transfer  engineering  are  often  done 
based  on  thermocouple  measurements  made  during  operation.  These 
analyses  do  not  usually  include  detailed  consideration  of  the  internal 
battery  gas  environment  or  of  any  heat  sinking  methods  that  vary 
significantly  from  those  originally  chosen.  In  the  past,  such  consider¬ 
ations  have  not  been  necessary.  Very  small  batteries  can  be  made  with 
simple  heat-transfer  engineering  because  of  the  inherently  high  power 
and  energy  densities  of  the  electrochemical  cells  (Table  1 ). 

Control  of  the  battery  gas  environment,  especially  reduction  of  the 
amount  of  high-thermal-conductivity  hydrogen  gas,  combined  with  the 
proper  choice  of  geometry,  heat  sinking,  and  chemical  heat  generation 
from  within  the  cells,  can  contribute  to  significantly  smaller,  more 
lightweight  batteries.  Heat-transfer  engineering  becomes  particularly 
important  as  the  batteries  become  smaller  and  as  the  requir^  lifetimes 
increase.^'''  Combining  previous  experimental  results  with  finite-ele¬ 
ment  analysis  methods  now  available  should  provide  a  more  compre¬ 
hensive  picture  of  thermal-battery  heat  transfer  and  permit  more  rapid 
analyses  of  proposed  future  thermal-battery  applications. 

This  paper  describes  some  of  the  work  that  was  done  on  two 
present  (and  very  different)  thermal-battery  applications,  the  M  ANLOS 
(Man-Portable  Non-Line-of-Sight)  airplane  and  GPS  (Global  Position¬ 
ing  System)  artillery  shell.  The  MANLOS  battery  is  a  large  thermal 
battery  (38  to  50  V,  40  to  I  (X)  A.  98.4-mm  diameter,  82.6  mm  tall,  1 .45 


kg,  120-s  lifetime)  designed  to  deliver  90  A-min  coulombic  capiu;ity  to 
a  small  aircraft  motor.  The  GPS  battery  is  a  small  battery  (I  I  to  16  V, 
1 .2  A,  33.3-mm  diameter,  35.8  mm  tall,  80  g,  145-s  lifetime)  designed 
to  deliver  2.9  A-min  coulombic  capacity  to  an  artillery  fuze.  Both 
batteries  use  the  electrochemical  system  Li(AI)/LiCl-LiBr-LiF  eutec- 
tic-MgO/FeS2.  The  MANLOS  battery,  with  its  large  size  and  simple 
geometry,  is  an  excellent  vehicle  for  heat-transfer  studies,  while  the 
GPS  is  a  small  high-spin  battery  (ultimately  275  rps)  with  more  typical 
thermal-battery  heat-transfer  engineering  characteristics.  Both  thermal 
batteries  have  typical  internal  construction  in  that  they  are  both  right 
circular  cylinders  with  heat  pellets  in  the  end  thermal  insulation  for 
heating  the  thermal  insulation  external  to  the  cell  stack  (Fig.  I );  they  do 
not  include  specialized  heat  sinks. 

Heat  Losses  and  Heat  Generation: 

MANLOS  and  GPS 

Identical  cell  chemistries  and  powder  batches,  processed  at  ARL. 
Adelphi,  were  used  in  both  MANLOS  and  GPS  programs.  Batteries 
were  run  in  vented  as  well  as  in  sealed  condition  so  that  the  effect  of  the 
gas  environment  could  be  verified.  Temperature  measurements  were 
made  with  type-K  (chromel-alumel)  thermocouples.  The  thermocouple 
wires  were  spotwelded  to  the  cell  covers,  and  the  wire  diameters  were 
varied  from  0.254  to  0.0762  nmi,  as  a  test  of  the  effect  of  transients  and 
heat  losses  along  the  wires  in  regions  of  high-temperature  gradients. 
During  the  initial  temperature  transients,  readings  were  taken  at  a  rate 
of  1000/s.  The  chemical  compositions  and  masses  of  the  MANLOS  and 
GPS  thermal  cells  and  thermal  insulators  are  shown  in  Table  1. 
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Table  1.  MANLOS  and  GPS  Thermal  Cell  Charactarlstica 
(averaged  values  for  Individual  cell  stack  pellets) 


A.  MANLOS:  28  thermal  colls  with  29  heat  pellets  B.  GPS:  9  thermal  cells  with  10  heat  pellets 


Component  Mass  Diameter 
(g)  (mm) 

Thickness 

(mm) 

Component  Mass  Diameter 
(g)  (mm) 

Thickness 

(mm) 

Heat  pellet  11.3255  76.2  0.6030 

E/C  pellet  12.0000  76.2  0.8626 

A  pellet  3.8124  74.9  0.6172 

SS  collector  2.8100  76.2  0.0831 

Total  battery  thermal  insulation  mass:  207.54  g 

Heat  pellet  0.3990  19.05  x  3.175  0.3518 
E/C  pellet  0.4173  19.05  x  3.175  0.4770 
Apellet  0.1274  19.05  x  3.175  0.3119 

SScollector  0.1716  19.05  x  3.175  0.0831 
Total  battery  thermal  insulation  mass:  17.53  g 

C.  Thermal  cell  chemical  compositions:  Both 
MANLOS  and  GPS  (weight  percents) 

D.  Realized  power  and  energy  densities  tor 
MANLOS  electrochemical  cells 

Heat  pellet  is  Fe/KCI04(84/16) 

E/C  pellet  is  E/C  (35/65) 

E  is  MgO/LiCI-UBr-LiF  eutectic  (46/55) 

C  is  FeS^/Fem  (78/2/20) 

A  is  Li(AI)  alloy  (20/80)/LiCI-UBr-LiF  eutectic  (90/10) 
SS  is  304  stainless  steel 

1.  80W-Hr/kg 

2.  242W-Hr/I 

3.  5.32kW/kg 

4. 16.13  kW/l 

Mowed  Min-k 
plus  Cequin 
End  Insulation 
heat  pellet 


GPS 


End  insulation 
heal  pellet  “ 


Figure  1.  Internal  battery  constructions.  All  dimensions  are 
In  millimeters.  Bottom  end  Insulation  heat  pellet  thickness 
Includes  one  0.081  S-mnHhick  stainless  steel  cell  cover. 
There  Is  no  heat  pallet  In  stack  top  Insulation  of  MANLOS. 
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The  production  MANLOS  batteries  are  to  be  vented  on  initiation 
to  reduce  the  battery  case  mass,  while  production  GPS  batteries  are  to 
operate  with  sealed  cases.  For  the  sealed  GPS  experiment,  this  paper 
presents  temperature-time  curves  for  a  battery  with  two  thermal  cells 
partially  short  circuited  to  demonstrate  the  amount  of  heat  that  can  be 
generated  from  chemical  exotherms  in  these  thermal  cells. 

The  tempterature-time  curves  for  MANLOS  batteries  in  the  vented 
condition  (Fig.  2)  and  GPS  batteries  in  the  sealed  condition  (Fig.  3)  are 
shown  below.  For  both  the  MANLOS  and  the  GPS  batteries,  the  top  and 
bottom  cell  thermocouples  were  spotwelded  to  cell  covers  placed  at  the 
extreme  ends  of  the  cell  stack.  MANLOS  batteries  used  a  double  cell 


diameters  of  3. 1 7S  mm  at  the  top,  bottom,  and  center  of  the  cell  stack. 
The  bottom  end  insulation  heat-pellet  thermocouple  also  used  one  of 
these  cell  covers,  which  was  placed  directly  on  top  of  the  bottom  end 
insulation  heat  pellet  on  the  cell  stack  bottom  side.  This  cell  cover  was 
.separated  from  the  cell  stack  bottom  by  a  3.S43-mm-thick  Min-k  disk. 
The  GPS  reusable  steel  case  test  fixture  was  1 8  mm  thick  on  the  sides, 
with  a  header  thickness  of  7  mm  and  a  bottom  thickness  of  5  mm. 

Temperature-time  data  for  MANLOS  and  GPS  batteries  are  shown 
in  tabular  form  in  Tables  2  and  3.  These  data  can  be  used  with  the  data 
of  Table  I  and  the  geometry  shown  in  Figure  I  for  independent  heat- 
transfer  studies.  Calculated  thermal  conductivities  for  MANLOS  and 


cover  at  the  stack  ends  to  help  carry  the  heavy  current.  The  center  cell 
thermocouple  for  MANLOS  was  spotwelded  to  the  cover  of  the  14th 
cell  from  the  top  of  the  28-cell  stack,  and  the  cell  cover  was  placed 
between  the  heat  pellet  and  the  anode.  A  fourth  MANLOS  stack  cell 
cover  thermocouple  was  similarly  placed  in  the  25th  cell  from  the  top 
of  the  28-cell  stack.  The  individual  MANLOS  cell  covers  were  all 
0.0813-mm-thick  304  stainless  steel.  76.2  mm  in  diameter. 

The  MANLOS  thermocouple  that  monitored  the  bottom  end 
insulation  heat-pellet  temperature  was  spotwelded  to  a  regular  MANLOS 
cell  cover  that  was  placed  directly  above  the  bottom  end  insulation  heat 
pellet.  Above  this  cell  cover  was  a  3.353-mm-thick  Min-k  disk  followed 
by  the  cell  stack  bottom  (positive  stack  end).  Below  the  bottom  end 
insulation  heat  pellet  was  a  1 .435-mm-thick  Min-k  disk,  followed  by  a 
0. 1 27-mm-thick  mica  bottom  liner  above  the  steel  case  bottom. 

The  total  internal  length  of  the  vented  MANLOS  battery  was  76. 1 5 
mm.  The  top  thermal  insulation  including  the  lid  liner  consisted  of 
Min-k  (6.79  mm),  mica  (0.254  mm),  and  Cequin  (1.245  mm)  disks, 
along  with  glass  tape  (0.71 1  mm).  The  side  thermal  insulation  was  a 
Min-k  blanket^  with  a  Fiberfrax  and  glass  tape  sidewrap.  The  MANLOS 
reusable  steel  case  test  fixture  was  uniformly  25.4  mm  thick  on  the  top, 
sides,  and  bottom. 


The  sealed  GPS  battery  had  304  stainless  steel  thermocouple  cell 
covers  0.08 1 3  mm  thick,  with  outer  diameters  of  19.05  mm  and  inner 


Time,  s 

Figure  2.  MANLOS  battery  temperatures 
(fired  in  the  vented  condition  at  25°C). 


Time,  s 

Figure  3.  GPS  battery  temperatures 
(fired  in  the  sealed  condition  at  -46°C). 


GPS  batteries,  assuming  that  all  the  insulation  has  the  same  thermal 
conductivity,  are  shown  in  Figures  4  and  5. 

The  straight-line  comparison  of  the  insulation  thermal  conductiv¬ 
ity  versus  tempierature  in  Figures  4  and  5  is  an  experimental  value  for 
a  previous  sealed  heat-transfer  experiment'  in  which  only  copper  and 
84/16  Fe/KClOj  pyrotechnic  heat  pellets  were  used  with  only  Min-k 
blanket  thermal  insulation.  This  arrangement  was  used  to  eliminate  the 
highly  thermally  conduc¬ 


tive  hydrogen  gas  known 
to  be  evolved  from  other 
thermal  cel  1  components. 
The  thermal  conductivi¬ 
ties  of  the  thermal  insula¬ 
tion  in  the  vented 
MANLOS  battery  (Fig. 
4)  are  about  40  percent 
greater  than  the  values 
estimated  by  the  manu¬ 
facturer.  This  is  probably 
because  of  the  previously 
mentioned  hydrogen. 

The  manufacturer's 
value  for  the  thermal  con¬ 
ductivity  of  the  Min-k 
blanket  in  air  is  0.6980  x 
10-‘+l.005xl0’xr„or 
0.899  X  lO  ' cal/s-cm-°C 
at  200°C  (where  is  the 
median  temperature  of 
the  thermal  insulation  in 
°C).  This  is  compared 
with  the  vented  MAN¬ 
LOS  measured  thermal 
conductivity  of  about  1 .3 
X  IB-*  cal/s-cm-°C  (Fig. 
4).  The  molded  Min-k 
used  on  the  MANLOS 
and  GPS  stack  ends  may 
have  thermal  conductivi¬ 
ties  20  to  40  percent  less 
than  those  of  the  Min-k 
blanket  in  the  vented 
MANLOS  gas  atmo¬ 
sphere. 

The  method  used  for 
the  heat-transfer  analysis 
of  the  time-temperature 
curves  has  been  reported 
elsewhere.’  Although  the 
battery  is  not  operating 
in  a  thermodynamically 
reversible  manner,  the 
actual  exotherms  or  en- 
dotherms  that  occur  can 
be  measured  directly 
from  the  cooling  curves. 
These  results  can  then  be 
compared  to  the  basic 
thermodynamics  of  the 
system.'  Space  does  not 


Table  2.  Experimental  MANLOS 
Temperature-Time  History 


Temoerature  (“Cl 

Time 

(s) 

Case 

1st  14th 
cell  cell 
(top)  (center) 

25th 

cell 

28th  End  ins 
cell  heat 
(bottom)  pellet 

0 

24 

25 

25 

25 

25 

25 

1 

24 

702 

367 

367 

636 

817 

2 

24 

611 

438 

475 

609 

673 

5 

25 

590 

499 

532 

555 

579 

10 

25 

574 

504 

543 

545 

525 

15 

26 

566 

504 

532 

552 

490 

20 

27 

561 

504 

527 

555 

455 

30 

28 

557 

504 

522 

555 

403 

40 

29 

553 

506 

520 

550 

362 

50 

29 

550 

508 

520 

546 

331 

60 

29 

549 

512 

520 

543 

304 

70 

30 

542 

513 

520 

534 

283 

80 

30 

539 

514 

520 

531 

265 

90 

32 

535 

515 

520 

526 

253 

100 

32 

533 

518 

520 

522 

241 

110 

33 

531 

520 

520 

520 

234 

120 

33 

529 

522 

521 

520 

227 

130 

34 

528 

528 

527 

520 

221 

140 

35 

531 

539 

534 

520 

218 

150 

36 

532 

543 

54- 

520 

214 

160 

37 

532 

548 

544 

520 

210 

170 

37 

532 

555 

545 

523 

209 

160 

38 

538 

557 

550 

525 

207 

190 

39 

540 

562 

549 

525 

204 

200 

40 

541 

561 

549 

525 

202 

400 

50 

538 

582 

553 

527 

214 

600 

59 

522 

573 

541 

519 

216 

800 

66 

508 

560 

530 

506 

219 

1000 

74 

491 

541 

513 

491 

219 

1200 

80 

472 

520 

497 

475 

216 

1400 

85 

455 

497 

476 

457 

215 

1600 

90 

437 

476 

456 

438 

212 

1800 

93 

420 

456 

438 

422 

209 

2000 

96 

403 

438 

422 

405 

205 

2200 

99 

386 

420 

404 

391 

202 

2400 

100 

371 

403 

391 

375 

197 

2600 

103 

358 

386 

378 

361 

194 

2800 

104 

346 

375 

365 

351 

190 

3000 

105 

334 

361 

354 

338 

187 

3200 

105 

327 

349 
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pennitsuchadetailedanaly-  TaM*  3.  ExparlmwiM  OPS  BMaiy 
sis  in  this  paper.  Indepen¬ 
dent  analyses  can  be  done 
with  the  tabular  data  and  the 
geometric  Figures  supplied. 

The  two  major  points  that 
should  be  emphasized  for 
practical  battery  technology 
ate  the  large  contribution  of 
hydrogen  gas,  increasing 
thermal  conductivity  and 
subsequently  shortening 
thermal-battery  life,  and  the 
large  amounts  of  heat  that 
are  generated  by  the  electro- 
chemical  cells  in  the 
MANLOS  and  GPS  batter¬ 
ies. 

The  diluent  gas  atmo¬ 
sphere  in  the  thermal  insula¬ 
tion  of  the  vented  MANLOS 
battery  remained  at  atmo¬ 
spheric  pressure  and  con¬ 
sisted  of  air  (oxygen  and  n  i  - 
trogen  partially  reacted  with 
Li(AI)  alloy)  contaminatet! 
by  a  small  amount  of  hydro¬ 
gen  gas.  Some  gases  such  as 
methane  and  ethane  would 
have  been  present  from 
breakdown  of  some  of  the 
glass  adhesive  tape,  but  these 
gases  would  not  have  had  a 
large  effect  on  the  thermal  conductivity  of  the  thermal  insulation.  In 
light  of  this  knowledge  and  the  data  for  the  vented  MANLOS  battery 
(Fig.  4).  it  seems  unlikely  that  the  effective  thermal  conductivity  of  ail 
the  thermal  insulation  was  ever  much  different  from  1 .3  ±  0.2  x  1 0-*  cal/ 
s-cm-^C  during  the  first  1  l(X)  s  of  cooling  to  an  average  cell  suck 
temperature  of 300°C.  On  this  basis,  the  entire  amount  of  heat  lost  from 
the  MANLOS  battery  during  the  first  1 100  s  after  ignition  was  23,738 
cal  (1.3  X  10^  cal/s-cm-°C  x  332  cm  x  SOO^C  x  1 100  s  =  23,738  cal; 
Table  1,  Fig.  2). 

The  effective  amount  of  heat  yielded  by  the  cooling  masses  during 
this  time  interval  was  7724  cal.  After  we  allow  for  the  amount  of  heat 
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required  to  establish  a  near-steady-sute  temperature  gradient'  in  the 
thermal  insulation  (9S77  cal),  the  amount  of  generated  heat  was  more 
than  three  times  the  amount  of  heat  obtained  from  natural  cooling  of  the 
battery  components  (23,738  -  7724  +  9577  =  25,591  cal).  The  amount 
of  generated  heat  was  greater  than  the  entire  amount  of  the  heat  loss 
from  the  battery  during  this  time  interval  (note  the  nearly  constant 
average  cell  stack  temperature). 

The  cooling  curve  also  shows  that  the  rates  of  heat  generation  vary 
greatly  over  short  temperature  intervals.  Some  of  this  behavior  might  be 
related  to  local  breakdown  of  the  separator  layers  and  chemical 
nonuniformities,  while  some  of  the  behavior  can  be  attributed  to  natural 


exotherms  and  heating  due  to  internal  resistances  (PR,  where  /  is  current 
and  R  is  internal  battery  resistance)  that  occur  during  cell  operation.' 
Because  the  temperature  changes  used  to  measure  these  exotherms  are 
small  and  the  thermocouples  are  in  an  active  chemical  environment, 
some  of  these  variations  may  be  caused  by  thermocouple  error.  Differ¬ 
ential  scanning  calorimetry  (DSC)  analyses  should  be  used  to  confirm 
exotherms  and  endotherms  measured  from  Table  2  data. 


The  internal  resistance  of  the  MANLOS  battery  was  measured  by 
the  current  interrupt  method  to  be  0.()%7  D  at  5.4  s,  0. 102  Q  at  16.7  s, 
0.1  II  Oat 60.8  s, 0.1 13  Oat  121.2  s.  and 0. 1 32 O at  151.4  s.  The  total 
resistance  of  the  MANLOS  internal  304  stainless  steel  leadwires  was 


calculated  at  0.01 8  O.  If  the  internal  battery  resistance  is  0. 1  O,  most  of 
the  PR  heating  will  be  applied  to  the  cell  stack.  This  PR  heating  at  100 
A  will  be  239  cal/s  and  at  40  A  will  be  38.2  cal/s.  From  the  computer 
programs,  the  effective  thermal  capacity  of  the  entire  MANLOS  battery 
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Figura  5.  GPS  thermal  inaulaUon  thormal  conducUvItiaa  compared 
with  coppar-haat  pallat  atack  meaauramenta. 


is  1 93  cal/°C  (458  to 435°C),  so  that  PR  heating  at  the  1 00- A  rate  should 
result  in  an  increase  in  the  cell  stack  temperature  of  239/193  =  1 .24°C/ 
s  while  the  100- A  current  is  being  drawn,  if  no  heat  is  lost  from  the  cell 
stack. 

For  the  GPS  battery.  Figure  5  combined  with  previous  experience 
suggests  that  the  effective  thermal  conductivity  of  all  the  thermal 
insulation  during  the  first  195  s  as  the  cell  stack  cooled  to  its  minimum 
operating  temperature  of  435'’C  was  never  much  different  from  4. 1  x 
l(H  cal/s-cm-°C.  For  an  average  effective  cell  stack  temperature  of 
500°C  (Fig.  3)  and  a  shape  factor  of  35  cm,  the  total  heat  lost  from  the 
cell  stack  during  this  time  was  approximately  15 1 1  cal  (4. 1  x  Kk*  cal/ 
s-cm-°C  X  35  cm  X  (5(X)  -  (-40)]°C  x  195  s  =  15 1 1  cal).  The  effective 
amount  of  heat  lost  from  cooling  of  the  GPS  components  during  this 
time  was  only  366 cal.  so  that  a  total  of  1 1 45  cal  (3.4  times  the  heat  from 
natural  cooling)  was  generated  from  these  cells.  The  amount  of  heat 
required  to  establish  the  initial  near-steady-state  temperature  gradient 
in  the  thermal  insulation  was  849  cal.  so  that  a  total  of  1994  cal  (151 1 
-  366  -I-  849)  was  generated  from  the  cells.  This  is  5.4  times  the  total 
amount  of  heat  available  from  the  natural  cooling. 

The  internal  resistance  of  the  GPS  battery  measured  at  60  and  1 20 
s  by  the  current  interrupt  method  was  0.6  ft.  The  fiR  heating  under  the 
1 .2- A  current  was  therefore  only  0.2 1  cal/s  compared  with  the  measured 
heat  loss  rate  during  operation  of  7.8  cal/s. 

Transient  Experimentation 

For  the  84/16  weight  percent  Fe/KClO^  pyrotechnic  heat  pellet 
fired  under  adiabatic  conditions  at  -40°C,  the  calculated  peak  tempera¬ 
ture  is  1413°C.  The  thermal  cells  of  MANLOS  and  GPS  types  of 
batteries  generally  should  not  exceed  about  620°C.  Defining  the  initial 
transient  temperature  conditions  within  the  first  few  seconds  of  pyro¬ 
technic  ignition  can  be  a  major  difficulty.  This  is  particularly  true  at  the 
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ends  of  the  cell  stack,  where  large  amounts  of  pyrotechnic  materials  are 
usually  required  to  prevent  excessive  cooling  of  the  thermal  cells  into 
the  thermal  insulation  heat  sink  immediately  following  battery  initia¬ 
tion. 

When  the  battery  is  initiated,  heat  is  lost  very  rapidly  from  the 
pyrotechnic  materials  and  the  cell  stack  until  a  near-st^y-state  tem¬ 
perature  gradient  is  established  in  the  thermal  insulation.  Some  studies 
of  this  initial  transient  behavior  in  M  ANLOS  and  GPS  are  shown  below. 
The  results  are  discussed  briefly  and  are  shown  in  tabular  form  to 
facilitate  further  heat-transfer  studies. 

For  most  applications,  it  has  been  found  experimentally  that 
optimal  lifetimes  are  obtained  when  sufficient  pyrotechnic  material  is 
i^ded  within  the  thermal  insulation  to  heat  the  thermal  insulation  to  the 
same  initial  temperature  as  the  thermal  cells.  Although  the  excess  heat 
is  lost  rapidly,  this  technique  prevents  rapid  initial  temperature  loss 
from  the  thermal  cells  because  of  the  thermal  insulation  heat  sink  effect. 

The  computer  programs  used  for  the  thermal  optimization  of  the 
MANLOS  and  GPS  thermal  batteries  include  the  pyrotechnic  heat 
necessary  to  heat  the  thermal  insulation  to  the  ceil  temperature.  With 
these  computer  programs.'  the  calculated  peak  temperature  of  the 
MANLOS  battery  was  S22°C  when  the  battery  is  fired  at  ■t-2S°C.  while 
the  measured  value  was  S42°C  at  7.S  s  and  547°C  at  300  s.  if  the  stack 
temperature  is  calculated  as  l/4(top  +  center  -f  2Sth  cell  -f  bottom) 
thermocouple  readings  (Fig.  2.  Table  2).  The  calculated  peak  tempera¬ 
ture  for  the  GPS  battery  when  the  battery  is  fired  at  -46°C  is  5I8°C. 
while  the  measured  value  is  Si8°C  at  25  s.  if  the  stack  temperature  is 
measured  as  I  /4(  top  -t-  2  x  center  -f-  bottom )  thermocouple  readings  ( Fig. 
3.  Table  3).  The  GPS  stack  temperature  later  increas^  to  S87°C  at  83 
s  because  of  the  heat  generated  by  the  two  short-circuited  thermal  cells. 

Individual  thermal  cell  heat  balances  may  differ  markedly  from  the 
total  thermal-battery  heat  balance  if  large  amounts  of  thermal  insulation 
are  used  in  the  battery.  For  the  MANLOS  battery,  sufficient  pyrotechnic 
was  added  to  each  MANLOS  thermal  cell  to  raise  the  individual  cell 
temperature  from  25  to  584'’C.  For  the  GPS  thermal  cell,  enough 
pyrotechnic  was  added  to  each  cell  to  raise  the  cell  temperature  from  -46 
to 488°C.  For  most  previous  designs,  the  measured  pe^  temperature  of 
the  center  thermal  cell  has  been  within  ±20°C  of  the  calculated  peak 
temperature  of  the  individual  thermal  cells  when  the  0.2S4-mm-diam- 
eter  type-K  thermocouple  wires  are  used. 

The  initial  transients  for  the  sealed  GPS  battery  bottom  thermal 
cell  and  end  insulation  heat  pellet  are  shown  in  Table  4  and  Figure  6.  The 
calculated  adiabatic  peak  temperature  of  this  end  heat-pellet  nest  was 
I377°C.  and  the  thermocouple  read  the  highest  value  recorded  of 
1 006°C  at  3.00  s  after  the  initial  recorded  temperature  rise.  The  highest 
measured  heat-transfer  coefficient  for  heat  transfer  from  the  heat  pellet 
into  the  cell  cover  was  49.3  cal/cm--s. 

In  a  separate  GPS  experiment,  small-diameter  (0.0762-mm)  ther¬ 
mocouple  wires  were  placed  in  the  GPS  bottom  end  insulation  heat- 
pellet  nest  to  help  define  the  initial  heat-pellet  transients.  The  bottom 
end  heat-pellet  nest  for  that  experiment  consisted  of  seven  heat  pellets 
of  total  thickness  2.718  mm.  Three  thermocouple  cell  covers,  each 
0.08128  mm  thick,  were  placed  in  the  end  insulation  heat-pellet  nest. 

After  the  very  bottom  (positive)  cell  cover  of  the  separate  experi¬ 
ment  GPS  cell  stack  was  a  Min-K  disk  3.442  mm  thick.  This  was 
followed  by  a  0.08 1 28-mm-thick  thermocouple  cell  cover,  which  was 
the  top  thermocouple  of  the  end  insulation  heat-pellet  nest.  Then  came 
three  heat  pellets  of  total  thickness  1 .  1 94  mm  ( 1 .4839  g).  followed  by 
a  double  (2  x  0.08 1 28  mm  thick)  thermocouple  cell  cover.  The  thermo¬ 
couple  wires  (0.0762  mm  in  diameter)  were  spotwelded  between  these 
two  cell  covers.  Directly  below  were  four  more  heat  pellets  of  total 
thickness  1 .524  mm  ( 1 .9^  I  g).  At  the  very  bottom  of  the  end  insulation 
heat-pellet  nest  was  the  third  thermocouple  cell  cover.  Beneath  this  cell 
cover  was  a  3.467-mm-thick  Min-k  disk  that  rested  on  the  steel  case 
bottom.  High-speed  transient  data  for  the  GPS  end  insulation  heat 
pellets  with  the  0.0762-mm-diameter  thermocouple  wires  are  shown  in 
Table  5  and  Figure  7. 

The  semilog  plot  of  Figure  7  is  of  interest  because  it  has  been 
shown  previous!^  that  heat  transfer  from  heat  paper  into  copper  under 
thermal-battery  conditions  often  shows  a  linear  relationship  for  the  plot 
of  the  logarithm  of  the  temperature  difference  versus  time.  This  rela- 
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Figure  7.  GPS  end  Insulation  heat  pellet  transient  temperatures 
(vented  condition  at  25°C). 
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tionship  implies  that  all  the  heat  transfer  occurs  from  conduction  (no 
radiation  or  convection)  if  cancelling  errors  are  absent.  Since  Figure  7 
does  not  show  this  straight-line  relationship,  the  heat-transfer  coeffi¬ 
cient  is  temperature  dependent,  and  radiation  heat  transfer  is  probably 
present. 

The  calculated  adiabatic  peak  temperature  of  this  end  heat-pellet 
nest  was  1 36S°C,  and  the  middle  thermocouple  read  the  highest  value 
recorded  of  1 270°C  at  0. 1 1  s  after  the  initial  recorded  temperature  rise 
(about  93  percent  of  the  theoretical  value).  The  highest  measured  heat- 
transfer  coefficient  from  the  heat  pellet  into  the  cell  cover  was  336.6 cal/ 
s-cm\ 

The  initial  transients  for  the  vented  MANLOS  battery  bottom 
thermal  cell  and  end  insulation  heat  pellet  are  shown  in  Table  6  and 
Figure  8.  The  logarithm  of  the  temperature  difference  versus  time  is 
again  nonlinear.  The  calculated  adiabatic  peak  temperature  of  this  end 
heat-pellet  nest  was  I3I7°C,  and  the  thermocouple  read  the  highest 
recorded  value  of  822°C  at  0.47  s  after  the  initial  recorded  temperature 
ri.se.  The  low  measured  peak  temperature  (about  40  percent  lower  than 
the  theoretical  value)  was  believed  to  be  caused  by  the  large  wires 
(0.254  mm  diameter)  drawing  heat  from  the  cell  cover  shortly  after 
pyrotechnic  ignition.  As  the  surrounding  insulation  becomes  heated, 
this  error  will  be  reduced.  The  highest  measured  heat-transfer  coeffi¬ 
cient  from  the  end  insulation  heat  pellet  into  the  thermocouple  cell  cover 
was  69.9  cal/s-cm^  When  perfect  contact  between  the  heat  pellet  and  the 
thermocouple  cell  cover  was  assumed,  the  finite-element  modeler 
showed  a  heat-transfer  coefficient  in  the  same  temperature  region  of 
8699  cal/s-cm-'.  Initial  temperature  increases  calculated  from  the  finite- 
element  modeler,  assuming  perfect  thermal  contact,  were  in  general 
agreement  with  analytically  calculated  values.’  The  effective  thermal 
conductivity  of  the  cell  stack  itself  was  calculated  to  be  80  x  10-*  ±  20 
X  10  *  cal/s-cm-°C  from  this  experiment. 

Conclusions 

Small-diameter  (0.0762-mm)  type-K  thermocouple  wires  may  be 
used  to  measure  initial  transients  of  heat  pellets  emb^ded  within  the 
thermal  insulation  of  thermal  batteries.  For  the  thermal  cells  themselves 
during  operation,  larger  diameter  (0.254-mm)  type-K  thermocouple 
wires  are  adequate. 

Large  amounts  of  heat  were  generated  by  both  the  MANLOS  and 
the  GPS  batteries.  In  both  cases,  the  rates  of  heat  generated  were  found 
to  be  comparable  to  the  rates  of  heat  required  for  battery  operation  at 
constant  temperature.  Previous  battery  designs  using  Li(AI)/FeS,  with 
LiCI-KCI  eutectic  electrolyte  have  shown  cell  heat  generation  rates 
comparable  to  the  total  battery  heat  loss  rates  for  that  system  also.' 
Smaller  but  comparable  rates  of  heat  generation  have  been  measured 
and  calculated  from  thermodynamic  considerations  for  the  Li(AI)/FeS 
system  using  secondary  cells  with  LiCI-LiBr-LiF  eutectic  electrolyte.' 
The  GPS  experiment  shows  that  the  amount  of  generated  heat  can  be 
increa.sed  markedly  by  intentional  short  circuits  in  the  thermal  cells. 

The  diluent  gas  atmosphere  increased  the  heat-loss  rate  from  the 
sealed  GPS  battery  by  a  factor  of  4  and  from  the  vented  MANLOS 
battery  by  about  40  percent.  These  heat  losses  could  be  reduced  by  a 
reduction  in  the  amount  of  hydrogen  impurities  in  the  battery  compo¬ 
nents  and  by  the  use  of  hydrogen  getters  such  as  barium. 

Combining  control  of  the  cell  heat-generation  rates  with  control  of 
the  gas  atmospheres  in  present  production  thermal  batteries  could 
dramatically  reduce  thermal-battery  size.  Heat  generation  within  the 
thermal  cells  themselves  should  be  controllable  to  specified  heat-loss 
rates  by  appropriate  chemical  processing  and  construction  techniques. 
These  techniques  should  be  especially  effective  in  small  thermal 
batteries  where  large  amounts  of  thermal  insulation  are  required,  such 
as  the  GPS  battery  of  the  present  paper  or  proposed  new  30-  or  4()-mm 
fuze  thermal-battery  applications  for  smart  small  arms. 

ARL  is  in  a  unique  position  to  pursue  a  mission  of  thermal-battery . 
size  reduction  through  heat-transfer  engineering  because  of  its  exten¬ 
sive  previous  experience  in  thermal-battery  chemical  processing,  con- 
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(vwitMi  condition  at  aS’C). 

stniction  methods,  and  heat  transfer.  Properly  applied,  the  results  may 
be  dramatic  in  terms  of  size  and  mass  reduction  for  certain  applications. 
Use  of  finite-element  modeling  technology  now  available  will  facilitate 
understanding  of  the  process  interactions  and  greatly  accelerate  the 
mathematical  optimization  of  the  resulting  new  thermal-battery  sys¬ 
tems. 
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mCH  ENERGY  LITHIUM  ANODE  THERMAL  BATTERIES 
AbaUurJ.  dark,  Ian  D.  MeMIrdy 
MSA  (Britain)  Limited*  Coatbridge*  Scotland*  UK 


Data  which  coofinns  long  stable  stoiage  of  immobilised 
lithium  anode  thermal  battedes  is  presented  along  with  a 
discusskm  of  recent  improvements  which  have  increaaed 
^wcific  energy  densities  up  to  120  Wh/kg  for  large  batteries. 

hmoduction 

Theraial  batteries  have  been  manufactured  in  the  UK 
since  195S  by  MSA  (Britain)  Limited,  a  major  thennal 
battery  suppliCT  in  Europe.  In  1972,  MSA  (Britain)  Limited 
became  involved  in  lithium  thennal  battery  development  on  a 
contract  fiom  the  UK  Admiralty  Materials  Tedmology 
Establishment  The  aim  was  to  develop  a  large  lithium 
anode  thennal  battery  as  an  underwater  propulsion  power 
source.  The  technology  which  was  developed  used 
inuTK^ised  lithium  in  the  anodes  with  iron  disulphide  in 
the  cathodes.  The  pellet  construction  of  the  dedgn  was 
closely  related  to  the  type  of  immobilised  electrolyte  pellet 
technology  that  had  bm  used  in  calcium  anode  thermal 
batteries  for  many  years. 

At  the  end  of  the  contract,  test  results  were  reported  for 
a  large  battery,  assembled  fiom  10  modules,  ea^  89mm 
diameter  and  575mm  loqg  with  80  series  cells,  (1).  The 
battery  powered  a  motor  at  an  average  rate  of  33  kW  for  13 
miniitM  with  a  peak  power  o^put  of  57  kW.  The  complete 
80  cell  module  in  its  hermetically  sealed  container  a 
q)ecific  energy  density  of  74  Whkg  '. 

Using  different  technologies  MSA  (Britain)  Limited 
later  developed  and  optimised  for  qualification  and 
production  for  defence  triplications  many  immobilised 
lithium  anode  thennal  batteries.  These  were  based  cm 
proprietary  immobilised  lithium  anodes  covered  by  patents, 
(2,3).  Qm  of  these  anode  technologies  generally  lefened  to 
as  IAN*  was  fully  described  by  Windiester  in  1982,  (4). 
Althoi^  immobilised  lithium  anode  thennal  batteries  have 
been  used  to  power  underwater  systems  including  electronics 
and  propulsion  power,  their  main  qiplication  has  been  in 
guicM  weqions  uhere  they  have  been  used  to  power 
guidance  electronics,  actuator  motors,  fuses  and  safety  and 
arming  units.  They  have  also  been  used  for  power  in 
terminally  guided  mortars  and  shells,  hi  military  aircraft 
they  have  been  used  to  power  ejectitm  seat  sequencers. 

Battery  designs  which  have  been  manufiKtured,  ran^ 
fiom  18mm  diameter  iqiwards  with  voltages  fiom  2  volts  to 
200  volts.  A  wide  range  of  current  ratings  and  duratiais 
have  been  covered  and  deagns  are  available  with  up  to  200 
anq)  current  ratings,  and  with  durations  of  over  30  minutes. 

Immobilised  lithium  anode  thermal  batteries 
manufactured  by  MSA  (Britain)  Limited  have  been 
demonstrated  during  15  years  of  production  to  be  extronely 
reproducible.  As  qiecified  for  many  defence  applications, 


the  cells  are  required  to  operate  over  extremely  wide 
temperature  ranges  of  -55*C  to  100*C.  (jiialificatioo  testing 
has  demonstrated  fiiat  they  wifiistand  severe  vibndion,  duck, 
acceleration,  temperature  cycling  and  tenqiexature  shock 
environments.  is  avaUaUe  fiom  a  nundier  of  storage 
programmes  to  show  that,  as  required  by  their  qjplications, 
they  are  extremely  stable  after  1^  perkxls  of  storage.  The 
resets  of  one  such  programme  are  re{xx1ed  below. 

Because  many  underwater  requirements  now  demand 
even  hi^ier  energy  densities,  MSA  (Britain)  Limited 
recently  carried  out  a  programme  to  maximise  immobilised 
lithium  anode  cell  performance.  Many  of  the  features  which 
had  been  introduced  to  improve  the  p^onnance  of  thennal 
batteries  for  guided  weapons  were  applied  to  the 
optimisation  (ff  two  battery  d^gns  with  high  c^Mcity  cells. 

The  features  which  contributed  to  performance 
improvements  and  the  results  obtained  are  docribed  and 
r^orted  below. 

Storage  of  hninobilised  Lithium  Anode  Thennal  Batteries 
Programme 

In  January  1984,  soon  after  qualification,  MSA  set  up  a 
long  term  storage  programme  on  an  89mm  diameter,  210mm 
long,  immobilised  lithium  anode  thennal  battery.  The 
programme  was  based  on  the  use  of  the  first  two  batches 
manufactured  after  qualification,  and  over  the  next  three 
years  during  which  20  batches  were  manufiKtured,  6 
batteries  were  set  aside  fiom  each  batch  so  that  storage  data 
would  also  be  available  to  cover  materials  batches  and  other 
production  variables.  This  provided  100  batteries  in  the 
first  two  batches  and  a  further  120  fiom  continuous 
production. 

Batch  testing  of  the  22  batches  at  -*-55'*C  and  -30*C  gave 
baseline  data  before  storage,  providing  105  results  at  •30*C 
and  100  results  at  -<-55*0.  To  date,  batteries  have  now  been 
tested  on  the  aging  programme  as  follows. 
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The  test  load,  23A  continuous  with  pulses  to  open 
ciicuit  and  to  44A,  was  designed  to  allow  calculation  of 
intenial  resistance,  in  addition  to  the  nonnal  thermal  battery 
parameters  of  activation  time,  duration,  maximum  voltage, 
etc.,  derived  from  the  voltage  versus  tinK  characteristic  and 
frequently  used  to  deluM  thermal  battery  specification 
perfixmance. 

Results  and  Discussion 

Eight  significant  performance  characteristics  were 
recorded  from  the  voltaj^  versus  time  discharge  curve  - 
Activation  Time  to  26  volts.  Duration  to  26  volts.  Maximum 
Voltage,  Voltage  at  2.4  seconds  on  40  amperes.  Internal 
Resistance  at  2.4  secrmds.  Minimum  Voltage  at  399.9 
seconds  rm  23  aitq)eres.  Minimum  Voltage  at  400  secrmds  (xi 
44  aitqreres  and  btemal  Resistance  at  400  seconds.  These 
parameters  have  been  used  to  cmnpare  the  performance  of 
batteries  before  and  after  stmage. 

In  Figures  I  and  2,  activatim  times  plotted  from  the 
initial  batch  tests  (year  zero)  at  SS”C  (100  results)  and  -30*C 
(lOS  results)  indicate  that  the  range  of  initial  results  is  0.7  to 
1.3  seconds  at  SS”C  and  0.8  to  1.4  seconds  at  -30‘’C.  The 
results  for  the  stcxed  batteries  indicate  that  they  have  not 
changed  fiom  the  irutial  range  of  values  even  after  nine  years 
storage. 

Duration  plotted  in  the  same  manner  in  Figures  3  and  4 
shows  no  cha^,  with  all  stored  results  lying  within  the 
origitud  spread. 

Voltage  at  400  seconds  on  a  load  which  represents  a  cell 
current  density  of  O.SA  cm'*  is  plotted  in  Figures  S  and  6. 
Again  there  is  no  indication  of  any  change  after  storage 
compared  with  the  irutial  spread  of  results. 

Internal  resistaiKe  at  400  seconds,  calculated  from  the 
voltage  change  arising  from  the  load  change  at  this  time, 
plotted  in  Figures  7  and  8  also  indicates  that  this  parameter 
has  rerrrained  within  its  original  range  after  storage.  This 
suggests  there  are  no  deleterious  reactions  of  the  anode 
surface  with  traces  of  moisture  unavoidably  incorporated  into 
the  battery  during  manufacture.  Storage  deterioration 
arising  from  such  reactioiu.  as  has  been  repmted  during  early 
work  on  lithium  silicon  arrode  systems,  (5),  is  absent  fixxn 
irtunobilised  lithium  anode  designs. 

The  other  four  parameters  also  indicated  that  battery 
discharge  perfixtrumce  remains  urKhanged  after  storage  of  up 
to  nine  years. 

Improvements  in  Energy  Density 
Cell  Improvements 

As  noted  in  the  introduction,  underwater  requirements 
demand  high  energy  density  batteries.  Inq[)ection  of  the 
makeup  of  cells  used  in  tiK  origiiuil  old  designs  in  the  light 
of  fiftm  years  of  e}q>erience  with  optinusation  of  batteries 
and  cells  for  guided  weapons  use,  invested  two  main  areas 
where  inprovements  could  be  made. 


*  Increasing  the  amount  of  lithium  in  the  anode  relative  to 
support  materials. 

*  Reduction  in  the  thickness  of  the  electrolyte/separator 
layer. 

The  improvements  which  were  obtained  from  these 
changes  were  evaluated  in  single  cell  experiments  which 
have  previously  been  reported,  (6).  The  reailts  obtained 
frxxn  80mm  diuneter  cells  indicated  q)ecific  energy  densities 
of  iq>  to  218  Whkg'*.  Anodes  were  evaluated  with  xxp  to 
36%  lithium. 

Battery  Improvements  fSOnun  Diameter  Cells'! 

To  confirm  that  the  optimised  single  cell  performance 
was  reproduced  in  pyrotechnically  activated  batteries,  two 
battery  types  were  d^gned  using  the  information  generated 
from  single  cells.  More  conq>Iete  details  of  the  battery 
designs  are  given  in  (6). 

Cell  Stacks 

One  battery  design  -  Type  A  -  had  IS  series  cells 
(nominal  24V)  and  was  deigned  to  maximise  duration 
performance  on  a  load  of  1. 1 2kW.  The  other  battery  -  Type 
B  -  had  2S  series  cells  (nominal  40V)  and  was  designed  for  a 
loadofl.32kW. 

Battery  construction  followed  principles  which  have 
been  described  elsewhere,  (7,8)  but  compared  with  the 
(xiginal  80  cell  module,  the  volume  of  the  tottery  occupied 
by  cells  was  maximised.  Thermal  modelling  of  the  two 
designs  was  carried  out  by  the  DRA  Famborough  using  a 
ctxnputer  model  which  had  been  evaluated  for  immobilised 
lithium  in  the  designs  using  MSA  (Britain)  Limited  test  data, 
(9,10).  The  modelling  predictions  indicated  that  with  the 
thermal  insulation  and  end  heat  design  used,  tottery 
performance  would  be  limited  by  electrochemical 
considerations  and  not  by  cooling  effects. 

Disetonte  Conditions 

Both  batteries  were  discharged  into  a  constant  wattage 
load  unit  provided  by  GEC-Marconi  Naval  Systems, 
Underwater  Weapons  Division,  set  at  1.12kW  for  Type  A 
and  I.32kW  for  Type  B.  Discharges  were  carried  out  with 
the  batteries  at  approximately  20”C  in  still  air. 

Discussion  and  Results 
Type  A  Performance 

A  graph  of  the  output  voltage  and  load  current  for 
battery  Type  A  is  ^own  in  Figure  9.  From  ai^noximately  4 
seconds  tiie  load  regulated  at  1.12kW.  Over  the  discharge 
duration  the  current  increased  frxnn  42A  (0.83A  cm'*)  to  7SA 
(1.49A  cm'*)  The  discharge  voltage  remained  above  24V 
(1.6Vper  cell)  for  348  secrmds  but  1. 1 2k W  was  supplied  fix 
a  further  140  seconds  at  which  time  the  voltage  had  dropped 
to  ISV  (l.OV  per  cell).  At  this  point  the  load  ceased  to 
regulate. 
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Fig.l  Activatioo  Time  V.  Stor^  (Discharged  at -30*C) 
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Fig.3  Duration  v.  Stoage  (Discharged  at  •30*C) 
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Fig.2  Activation  Time  v.  Storage  (Discharged  at  SS*C) 
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Fig.4  Duration  v.  Stonge  (Discharged  at  SS'C) 
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Fig.S  Voltage  at  400s  v.  Stonge  (Discharged  at  -30*C) 


30 
29 
28 
27 

1  25 

‘  24 

23 
22 
21 
20 

0  2  4  6  3  10 

Time  (years) 

Fig.  6  Voltage  at  400s  v.  Stonge  (Ihscharged  at  SS*C) 
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Fig.7  biteinal  Resistanoe  v.  Stonge  (Discharged  at  •SO’C) 
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Fig.8  Internal  Resistance  v.  Storage  (Discharged  at  SS*C) 
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Fig.  9  Voltage  &  Current  on  1 . 12kW  Load  Type  A 
Type  B  Performance 

Similarly  for  battery  Type  B,  output  voltage  and  load 
current  are  ^own  (see  Figure  10).  The  load  regulated  at 
1.32kW  fixnn  4.9  seconds  when  the  voltage  had  risen  to 
36  V.  The  battery  duratimi  to  36V  ( 1 .44  V  per  cell)  was  644 
seconds  but  1.32kW  was  supplied  up  to  724  seconds  «4ien 
the  battery  voltage  dropped  to  13.2V  (O.SV  per  cell). 
During  the  discharge  duration,  the  current  rose  from  27.SA 
(0.54A  cm  ’)  to  44A  (0.87A  cm’). 


0  200  400  600  800 

Time  (seconds) 

Fig.lO  Voltage  &  Current  on  1.32kW  Load  Type  B 

Specific  Energy  Density  Improvements 

The  specific  energy  densities  achieved  can  be 
summarised  as  follows. 


Battery  Performance 

Tvne  A 

lypeB 

Discharge  Rate  (W) 

1120 

1320 

Total  Energy  supplied  to  the 
Load(Wh) 

149 

259 

Specific  Gravimetric  Energy 
Density  (Wh  kg') 

83 

% 

Specific  Volumetric  Energy 
Density  (Wh  dm  ’) 

230 

260 

In  both  batteries,  the  perfmmance  of  the  cells  including 
their  heat  source  was  IS2  Whkg'.  The  improvenient  that 
was  achieved  is  best  illustrated  by  comparison  with  the 


performance  of  the  battery  manufactured  by  MSA  (Britain) 
Limited  in  1979,  (1).  In  dimensions  of  89inm  dumieter  x 
S7Smm  long  it  pcrxh»ed  a  specific  energy  density  of 
74Whkg''.  In  contrast  106  series  cells  as  used  in  bidtery 
Type  A  could  be  fitted  in  friese  dimensions  resulting  in  a 
tot^  energy  output  of  I  lOOWh,  a  power  ou^xit  of  S.6kW  for 
710  seconds  with  a  voltage  rcgul^ion  of  204  -  127V.  The 
nominal  mass  for  a  battery  this  size  would  be  lO.Ikg. 
Specific  energy  density  is  increased  to  110  Whkg  ' 
(gravimetric)  and  310  dm'  (volumetric),  an  inqxoveroent 
of  48%. 

An  analysis  of  the  main  conqxments  within  the  battery 
indicates  that  this  very  significant  improvement  is  achieved 
by  the  increase  of  the  total  cell  mass  in  the  battery  and  an 
increase  in  the  cell  active  materials.  The  utili^on  of 
aiKxle  nuterials  in  the  cell  did  not  change  cranpared  with  the 
value  determined  by  the  earlier  work. 

Conclusions 

The  9  years  storage  data  presented  demonstrates  that 
MSA  (Britain)  Limited  immobilised  lithium  anode 
techitology  batteries  are  storage  stable  with  no  loss  of  cell 
crqjacity  as  indicated  by  duratim  and  no  change  in  fiizehead 
performance  or  heat  source  burning  rates  as  indicated  by 
activation  time.  Improvements  in  the  technology  have 
increased  specific  energy  densities  for  cells  tq)  to  ISO  Wh/kg 
and  400  Wh/dm’,  with  a  corresponding  significant  increase 
in  battery  performance. 
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ti^asA 

High  voltage  thennal  batteries  that  deliver  4200  W  constant  power  ouQHit 
at  power  densities  of  3.6  W/cm^  are  currently  being  develop  at  SA^. 
The  battery  employs  the  LAN/FeS2  eiectrodieinical  system  with  an  all 
lithium  halide  electrolyte  operating  at  temperatures  above  443  °C. 
Utilizing  an  improved  LAN  assembly  and  an  optimized  two  layer 
electrolyte/cathode  pellet,  a  36%  reduction  in  cell  thickness  was  achie^ 
in  an  improved  design  versus  the  baseline  design.  The  battery  delivers 
extremely  high  power  densities  of  8,730  W/kg  and  24,100  W/I  while 
providing  energy  densities  of  37  Wh/kg  and  101  Wh/I.  The  final  design 
measures  only  4.1  cm  diameter  by  13.1  cm  length,  and  delivers  over  200 
VDC  for  mote  than  ten  seconds. 

Introductioo 

Lithium  thermal  batteries  make  excellent  primary  reserve  power  sources 
for  military  applications  requiring  high  power,  activation,  long  shelf 
life,  ruggedness,  and  high  reliability.  The  lithium  and  iron  disulfide 
electrodes  have  high  specific  energy  and  fiist  reaction  kinetics.  The  LiBr- 
LiCl-LiF  roedten  salt  electrolyte  (mp  =  443  <*C)  has  high  ionic 
conductivity  when  compared  to  aqueous  and  solid  state  electrolytes. 
Stacked  as  a  series  array  of  thin  circular  cells,  the  battery  is  activated  by 
an  electn>«xplosive  de^ce  (EEO)  that  ignites  a  heat  paper  fiise  train 
located  down  the  center  of  the  stack  and  bums  the  heat  pellets  located 
between  the  cells.  The  heat  produced  melts  the  electrolyte,  and  the  battery 
delivers  high  voltage  and  power. 

This  paper  summarizes  the  task  of  improving  the  State^-The-Ait  of 
high  power  thermal  batteries  for  Sonobuoy  applications.  The  battery 
requirements  are  detailed  in  Table  I.  Ten  ba^ries  are  packaged  together 

Table  1;  Short  Life  Battery  Requirements 


PO<Mt.WWI 
Eaoiy,  Wui-Sw 
Ufe,Seooadi 
Moioun  Vokaffi.  Pulie 

MffdmiMVoh^OCV 
Minmun  Votage,  MrgnlatinB  (Rulie) 


SmMyUmd 
Envelope 
Bedeiy  Siae 
Wei^  Mramm 

Weisbt.  IndividuRlly 
Aetiviiioii,  Secondt 

Tcmpemuie,  OpenboBil 


4^ 

42.000  (10  aeoooib) 

10 

150VDC(U»d) 

30%ofOCV 

600V 

25%  of  OCV  or  tak  Volt,  ScanHry  Load 
(wfaidiever  it  kt») 

20  to  200  Oliai  AppeounHOety 
4.5”Diaxl0.4"L(10Uiiitf) 

4.1  cm  (1  60”)  Oil  X  13.2  cm  (5  2”)  L 
S.S  kg  (12.75  (bt) 

(mfJtutoH  mnMiirtwg) 

0.4Skg(1.06lbi) 

60%  OCV  or  Slai44>y  Load  Vote  WiOiia  0  25 
Seoondi 

•20*Cte‘**55*C 


to  make  an  assembly.  Individual  batteries  must  produce  a  continuous 
4200  W  at  130  V  minimum  for  ten  seconds  in  a  maximum  envelope 


of  13.2  cm  length  and  4. 1  cm  diametBr.  The  resulting  power  and  energy 
density  goals  are  24,138  W/I  and  67  Wh/I.  In  addition  the  battery  must  be 
able  to  provide  the  required  energy  and  power  after  seven  years  of 
uncontrdled  storage.  The  battery  must  also  activate  in  less  than  0.23 
seconds  after  temperature  storage  at  extremes  of  -20  “C  and  -•-33  (>C.  The 
ftdiowing  discussion  summarizes  the  improvements  in  design  and 
performance  of  the  short  life  battery. 

Experimental 

The  LAN/LiBr-LiCl-LiF/FeSj  electrochemistry  was  selected  as  foe  best 
choice  fbr  this  application.  LAN  is  liquid  lithium  immobilized  by  a  high 
surfoce  area  iron  powder'.  It  was  chosen  over  the  other  commonly  used 
LiAl  and  LiSi  anodes  for  three  reasons.  Firstly,  it  has  the  voltage 
potential  of  pure  lithium.  Secondly,  it  has  superior  rate  capability,  and 
thirdly,  it  can  be  fobricated  into  thinner  electrodes  than  the  pressed 
powder  alloys.  LAN  consisting  of  17%  lithium  by  weight  was  cold  rolled 
into  thin  foil  and  die  cut  into  disks.  Aiuxle  assemblies  were  made  by 
assembling  a  LAN  disk  and  a  expaitded  metal  foil  disk  into  a  metal  cup 
and  crimping  the  edge. 

The  LiBr-LiCI-LiF  electrolyte  was  chosen  over  LiCI-KCI  electrolyte 
because  of  its  proven  performance  at  high  current  densities^.  The  lithium 
salts  were  processed  and  fused  to  make  the  eutectic  salt.  Marinco  OL 
magnesia  powder  was  blended  with  salt  and  fiised  to  make  the  electrolyte 
binder  mix.  This  was  ground  and  sieve  sized  for  pelletizing. 

Iron  disulfide  was  selected  for  the  cathode  because  it  has  high  coulombic 
capacity,  high  electronic  conductivity,  good  thermal  stability,  low 
reactivity  with  the  molten  salt,  and  very  low  cost.  It  was  blended  with  salt 
and  fumed  silica  (Cabosil)  and  fused,  ground  and  sieve  sized  to  make  foe 
cathode  powder.  This  was  pressed  along  with  the  electrolyte  on  a  60  ton 
mechanical  press  to  make  two  layer  pellet  disks. 

Heat  pellets  consisting  of  a  mixture  of  84%  iron  powder  and  16% 
potassium  perdilorate  powder  (299  c/g)  were  pressed  in  similar  manner. 
A  typical  cell  is  depicted  in  Figure  1 . 


HEAT  PELLET 
(Fe  /  KCI04) 


CATHODE  A  ELECTROLYTE 
(F6S2)  (UBr-UCI-UF) 


LAN 


Figure  1 :  LAN/FeS2  Cell  Construction 
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A  series  array  of  cells  with  power  leads  was  stacked  on  a  mandrel  rod  as 
shown  in  Figure  2.  The  stack  was  wrapped  with  ceramic  fiber  paper 
(Fibiefrax)  and  glass  tape  and  assembled  into  a  steel  case.  A  heat  paper 
fuse  strip  consisting  of  a  mixture  of  zirconium  powder,  barium  chromate 
and  ceramic  fibers  was  placed  down  the  center  hole  for  ignition.  A  cover 
assonbly  with  leads,  igniter  assembly  and  thermal  insulation  was  welded 
into  the  case  to  complete  the  battery  as  depicted  in  Figure  3. 


Figure  2:  Short  Life  Battery  Cell  Stack  Assembly 


Figure  3:  Section  View  of  Improved  Short  Life  Battery 


Batteries  were  assembled  and  tested  to  establish  a  baseline  performance. 
They  were  conditioited  for  a  minimum  of  4  hours  at  temperature  and  then 
removed  and  activated  within  3  minutes  in  room  ambient  conditions.  A 
constant  load  of  4200  W  was  applied  after  0.5  second.  The  test  statirxi 
consisted  of  a  Compaq  286  microcomputer  controlling  four  Transistor 
Devices  model  DLR-400-1S-2500A  dynamic  loads  connected  in  parallel. 


Electrical  performance  data  were  acquired  by  the  computer  and  stored  on 
the  hard  disk  drive. 

Studies  to  reduce  the  cell  component  thickness  and  to  optimize  the  battery 
design  were  conducted  concurrent  with  the  testing  of  baseline  design 
batteries.  Thin  cells  were  tested  between  the  heated  platens  of  a 
conventional  cell  tester’  located  in  a  glove  box  with  argon  atmosphere. 
The  major  emphasis  was  LAN  processing  and  component  thickness 
reduction  since  it  was  calculated  that  0.08  nun  of  LAN  is  sufficient  to 
meet  the  capacity  requirements,  and  the  LAN  assembly  was  0.38  mm 
thick.  Improvements  in  the  designs  of  cell,  stack  and  hardware  were 
combined  to  make  the  final  battery  design.  A  design  verification  test 
(DVT)  lot  of  nine  batteries  was  assembled.  Non-operating  shock  and 
vibration  tests  were  performed.  Four  of  the  batteries  were  then  activated 
and  electrically  discharged. 

Results  and  Discussions 

Approximately  twenty  batteries  with  100  cells  each  were  assembled  using 
hardware  and  construction  of  an  existing  production  design.  These  were 
tested  to  establish  a  baseline  design  representing  State-Of-The-Art 
performance.  The  baseline  design  weighed  0.68  kg,  and  was  4  3  cm 
(1.7")  in  diameter  and  17.5  cm  (6.9")  high.  The  best  performance  of 
batteries  after  temperature  storage  at  extremes  of  -20  °C  and  +55  °C  was 
17  seconds  life  average  to  150  volts  minimum  under  a  4200  watt  load  (3.2 
A/'cm^).  The  power  and  energy  densities  were  16.5  kW/l  and  6.2  kW/kg 
and  78  Wh/1  and  29  Wh/kg  The  average  discharge  voltage  for  the  first 
ten  seconds  was  185  volts  for  GS-17  (-20  t>C)  and  190  volts  for  GS-17 
(+55  OC). 

An  improved  short  life  battery  design  was  developed.  As  a  result  of  the 
aruxie  development,  we  were  able  to  reduce  the  thickness  of  the  LAN 
assembly  from  0.38  mm  (0.015")  to  0.20  mm  (0  008").  This  was 
accomplished  by  reducing  the  thickness  of  the  iron  cup,  the  wire  screen, 
and  the  LAN.  Single  cells  were  tested  to  verify  adequate  capacity.  The 
two  layer  pellet  was  also  reduced  in  thickness.  Consequently  the  heat 
pellet  thickness  could  also  be  reduced  because  the  cell  mass  to  be  heated 
was  less.  However,  the  heat  pellet  became  so  thin  that  many  were  broken 
during  manufacturing  and  handling.  Furthermore,  there  was  concern  that 
non-ignition  might  be  a  problem.  Therefore  we  decided  to  use  a  thick 
pellet  every  two  cells  of  the  design.  Figure  4  is  a  sketch  showing  the 
improvements  in  cell  component  thicknesses.  By  putting  the  igniter  in  the 
potting  below  the  cover,  and  removing  some  insulation  from  above  and 
below  the  cell  stack,  the  battery  height  was  reduced  to  less  than  13.2  cm 
(including  terminals).  Because  of  the  reduction  in  cell  thickness,  1 1 8  cells 
now  fit  into  the  battery. 


BASEUNE 

IMPROVED 

0.41mm  THK 

0.25mm  THK 

(F«/KCL04) 

0.56mm  THK 

CATHODE  AND 

0.41mm  THK 

electrolyte 

(F.S2) 

0.3emm  THK 

1, - ■!  ■  anode  riANi 

0.20mm  THK 

1 .35mm 

TOTAL  THICKNESS 

0.86mm 

Figure  4:  Comparison  of  Baseline  and  Improved  Cell  Component 
Thicknesses 

Table  2  compares  the  improved  battery  design  with  the  baseline  battery 
design.  The  volume  and  weight  of  the  improved  design  were  reduced  by 
31%  and  33%  respectively.  A  photograph  comparing  the  improved 
battery  with  a  standard  9  V  battery  is  shown  in  Figure  5. 
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Table  2:  Comparison  of  Baseline  and  Improved  Battery  Designs 


Table  3:  Results  ofDesignVerificatioa  Tests 


Baseline 

Imnroved 

Diameter 

4.3  cm  (1.7”) 

4.1  cm  (1.6”) 

Height 

17.5  cm  (6.9”) 

13.1  cm  (5.15”) 

Weight 

0.68  kg  (1.5  lb) 

0.48  kg  (1.0  lb) 

Total  Number  of  Cells 

100 

118 

Pulse  Load 

4200  W 

4200  W 

Nominal  Current  Density 

3.2  A/ctv? 

2.1  AJcir? 

(20.5  A/in^) 

(13.2A/in2) 

Figures:  Short  Life  Thermal  Battery 


The  DVTs  were  tested,  and  the  results  are  shown  in  Table  3.  After  non¬ 
operating  shock  and  vibration  tests,  the  batteries  were  activated.  All  four 
units  had  a  IS  second  life  to  ISO  V  minimum  under  a  4200  W  load.  All 
electrical  requirements  were  met  with  the  exception  of  activation.  This 
was  undoubtedly  due  to  placing  one  heat  pellet  every  two  cells  versus  one 
heat  pellet  per  cell.  The  power  and  energy  densities  were  24. 1  kW/l  (46% 
improved)  and  8.8  kW/kg  (41%  improved)  and  101  Wh/1  (29%  improved) 
and  37  Wh/kg  (28%  improved).  The  voltage  versus  time  plot  of  SL-37 
and  SL-4S  is  shown  in  Figure  6.  The  average  discharge  voltage  for  the 
first  ten  seconds  was  21S  V  for  SL-37  (-20  °C)  and  227  V  for  SL-4S 
(+SS  ®C).  This  is  an  18%  higher  average  voltage  than  the  baseline  design. 
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Figure  6:  Short  Life  Battery  Discharge  Profile 
Conclusions 

A  short  life  high  voltage  LAN/FeSj  thermal  battery  with  ultra  high  power 
density  was  developed  for  a  sonobuoy  application.  The  battery  operates 
at  over  200  V  and  provides  a  constant  4200  W  for  IS  seconds  at  a  power 
density  of  3.6  W/cm^  and  an  average  current  density  of  2. 1  A/cm^.  By 
developing  very  thin  cell  components  a  36%  net  decrease  in  cell  thickness 
was  achieved.  Over  40%  improvement  in  power  density  and  over  2S% 
improvement  in  energy  density  were  achieved  over  the  baseline  design. 
The  final  battery  design  achieved  power  densities  of  8,750  W/kg  and 
24,100  W/1.  Energy  densities  demonstrated  were  37  Wh/kg  and  101 
Wh/I. 
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Introduction 

Thermal  batteries  have  a  long  history  of  storage  and 
operation  at  wide  temperature  extremes  in  addition  to 
widistanding  severe  environmental  and  dynamic  conditions 
vrithout  nuintenance.  These  characteristics  have  made  them 
the  battery  of  choice  for  most  missile  and  ordnance 
qrplications  plus  evolving  new  military  and  commercial 
qrplications.  Their  ability  to  function  at  typical  military 
temperatures  of  -65  °F  to  +165  °F  (-54  “C  to  +73  "C)  is  well 
known.  This  study  evaluated  the  feasibility  of  battery 
mechanical/hermetic  integrity,  battery  activation,  and  battery 
function  at  extremely  low  temperatures  and  in  combination 
with  low  pressure,  lliis  includes  the  viability  of  both  ignitor 
(or  squib)  and  battery  operation  at  stabilized  cryogenic 
temperatures  by  iitunersion  in  liquid  nitrogen  at  -321  °F  (-196 
°C).  This  type  of  low  temperature,  in  combination  witii  low 
pressure  (10*^  torr)  would  be  experienced  in  a  deep  space 
environment  Batteries  evaluated  were  standard  Li(Si)/LiCl- 
LiBr-LiF/FeS2  designs.  The  ignitors  were  production  models 
qualified  to  MIL-STD-15 12. 


Background 

This  paper  explores  the  effects  of  cryogenic  conditions 
on  three  trujor  areas  which  are  critical  for  thermal  battery 
perforrtumce.  The  first  was  a  study  of  typical  materials  used  in 
thermal  battery  construction,  and  their  ability  to  witiistand 
thermal  shock  and  tiie  low  temperature  regime.  Second,  ignitor 
or  squib  function  and  tiiermal  battery  pyrotechiuc  materials 
were  investigated  at  stabilized  Liquid  Nitrogen  (LN2) 
temperatures.  The  third  area  was  determining  die  effects  of 
cryogenic  conditions  and  low  pressure  on  battery  performance 
characteristics  such  as  risetime,  peak  voltage,  and  battery  life. 


Experimental 


Hermeticitv 

Glass-to-metal  seals  using  Coming®  type  9013  glass 
beads  and  52  iron/nickel  alloy  terminals  per  MIL-I-23011  in 
304  irtainlaM  steel  base  materials  have  b^  the  standard  in 
thermal  battery  designs  for  many  years.  Thermal  batteries 
typically  require  leak  rates  in  the  range  of  1  x  10*^  to  1  x  10*^ 


cc  of  helium  /second  at  one  atmos|diere  differential  pressure. 
This  is  checked  via  a  timed  pressurization  and  subsequent 
immersion  in  hot  water.  Some  new  designs  require  snuUer 
leak  rates  of  1  x  10^  to  1  x  lO**^,  which  dictate  the  use  of 
helium  mass  spectrometers.  The  first  experiment  was  to  insure 
tile  hermetic  s^  would  not  be  damaged  during  exposure  to  the 
extremely  low  temperature  or  die  associated  tiiei^  shock  of 
immersion  in  LN2  fiom  room  temperature  equilibrium.  A 
gtoup  of  10  thermal  battery  covers  (or  headers)  were  serialized 
and  measured  for  fine  leak  rate  on  a  DuPont  Model  120  SSA 
Leak  Detector.  These  10  room  temperature  headers  were  then 
individually  immersed  in  liquid  nitrogen  (LN2)  and  allowed  to 
stabilize  at  the  LN2  temperature  of  -321  °F  (-1%  "CX  wdiich 
took  4  to  5  minutes.  They  were  tiwn  remov^  fiom  die  LN2 
and  allowed  to  return  to  room  temperature.  This  process  was 
repeated  9  more  times  for  a  total  of  10  thermal  shocks  on  each 
h^er.  All  10  headers  were  dien  re-checked  and  the  leak  rates 
recorded.  The  leak  rates  stayed  extremely  low  and  are  very 
near  die  detection  limit  of  this  type  of  equipment  No 
specimen  showed  any  significant  chiuige  in  its  leak  rate  as 
^own  in  Table  1  below. 


Table  1,  Header  Leak  Rate  Data 


Specimen 

Number 

Pre-Thermal  Shock 
Leak  Rate* 

Post-Thermal  Shock 
Leak  Rate* 

1 

1.59  x  10**® 

3.19x10**® 

2 

3.19  X  10'*® 

1.59  X  10**® 

3 

3.19  x  10**® 

3.19X  10**® 

4 

6.36  X  10**® 

9.6  X  10**® 

5 

1.59  X  10**® 

1.59  X  10**® 

6 

1.59  X  10**® 

1.59  X  10**® 

7 

3.19  X  10**® 

1.59  X  10**® 

8 

7.95  X  10**® 

9.6  X  10**® 

9 

3.19X  10**® 

3.19  X  10**® 

10 

7.95  X  10**® 

1.92  X  10*® 

*  cc  of  helium/second  at  I  atmosphere  differential  pressure 
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fYTirtwhiihi 

The  second  |diase  of  the  evaluaticm  wts  to  insure  that 
the  ignitws  and  the  pyrotechnic  heat  powder  would  fimctioa 
property  at  diese  low  tenqieratures.  I^tms  selected  for  diis 
testing  are  fully  qualified  to  MIL-STD-1312  and  are 
manuftctured  by  Eagle-PiclMr  (Model  EP>360).  A  conqNuistm 
of  ignitor  activation  time  at  +165  °F  (+74  °C)  and  -65  "F 
(-54  **€)  to  diat  at  -321  °F  (-196  "C)  was  p^ormed  <»  30 
ignitms.  One  diird  of  the  ignitors  were  stabilized  at  +165  *’F 
fm  2  hours,  and  dien  activated  inside  the  teiiq>etature  chamber. 
They  were  activated  via  a  nmmal  3.5  Amp/20  millisecond 
input  to  the  1.0  ±  0. 1  ohm  bridgewire.  The  average  activation 
time  was  5.10  milliseconds  at  +165  “F.  Due  to  die  3.5  Amp 
limit  on  die  input  current  and  die  nominal  1  ohm  bridgewire 
resistance,  die  voltage  applied  to  the  ignitor  is  qqiroximately 
3.5  volts.  Once  the  bridgewire  bums  open  and  the  ignitor 
functions,  die  remainder  of  the  20  millisecond  all-fire  pulse  is 
still  being  applied.  This  causes  the  applied  voltage  to  increase 
dramatically  and  go  off  scale.  This  sharp  voltage  increase 
gives  die  point  of  ignitor  fimction  as  shown  in  Figure  1.  This 


Time  (Milliseconds) 


Figure  1.  EP-360  Activation  Time  (+165  ”F) 


test  was  repeated  on  10  ignitors  stabilized  at  -65  °F  for  2 
hours,  and  also  activated  inside  die  temperature  chamber.  They 
were  activated  in  die  same  manner  via  a  3.5  Amp/20 
millisecond  input  to  die  1.0  +  0. 1  ohm  bridgewire.  The  average 
activation  time  was  5.42  milliseconds  at  -65  °F.  A  t3rpical 
"trace"  is  shown  in  Figure  2.  The  remaining  10  igmtors  were 
submerged  in  LN2  for  2  minutes  (stabilization  occurred  after 
30-45  seconds),  and  dien  activated  while  immersed.  Again, 
die  normal  3.5  Amp/20  millisecond  input  to  die  1.0  ±  0. 1  ohm 
bridgewire  was  used.  A  typical  "trace"  for  -321  ®F  is  shown  in 
Figure  3.  The  average  activation  time  was  only  5.69 


Time  (Milliseconds) 


Figure  2.  EP-360  Activation  Time  (-65  ^F) 


Time  (Milliseconds) 


Figure  3.  EP-360  Activation  Time  (-321  "F) 


milliseconds  at  -321  "F  and  increased  by  only  0. 
milliseconds  fixmi  a  typical  cold  military  tenqierature.  All 
squibs  tested  under  diese  conditions  activated.  The  results  and 
statistical  analysis  are  summarized  in  Table  2. 
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Tables.  EP-3<0 Activatioa Tioie va. Temperature 


Activadmi 

Activation 

Activatimi 

tune 

time 

time 

at+74»C 

at-54»C 

at-lOti^C 

Sample 

No. 

(+165*F) 
(in  msec) 

Sample 

No. 

(■65«F) 
(in  msec) 

Sanqiile 

No. 

(-321®F) 
(in  msec) 

5.44 

11 

5.48 

21 

5.68 

5.00 

mm 

5.48 

22 

6.08 

4.80 

mm 

5.52 

23 

5.84 

4.88 

14 

6.00 

24 

5.60 

5.24 

15 

5.32 

25 

5.28 

5.00 

16 

5.52 

26 

5.36 

4.96 

17 

5.00 

27 

5.48 

8 

5.00 

18 

5.40 

28 

5.24 

5.28 

19 

4.92 

29 

6.76 

5.44 

20 

5.52 

30 

6.00 

P^SfTPBSSi 

X  = 

X  = 

g-i  = 

.23  msec 

0^1  = 

.30  msec 

.37  msec 

Figures.  EAP-12053A  6.8 Amp Dtecharge (-65 <*F) 


Battery  Performance 


Having  shown  that  the  battery  materials  could  survive 
die  diermal  shock  and  diat  the  ignitors  would  activate,  die  next 
step  was  to  proceed  into  the  effects  on  battery  activation  and 
performance.  The  test  vehicle  battery  was  die  EAP-120S3A.  It 
is  a  2.S0  inch  diameter  by  4.16  inch  taU  design  weighing  2.0 
pounds.  It  is  a  nominal  60  Vdc  ou^ut  with  a  voltage  range  of 
72.0  to  45.0  Volts.  The  EAP-12053A  is  designed  to  carry  a 
6.8  ampere  baseload  with  pulses  to  35  amperes  for  a  222 
second  mission. 

Baseline  performance  testing  was  perfmmed  on 
batteries  at  both  +165  and  -65  with  the  typical  discharge 
curves  shown  in  Figures  4  and  5  respectively.  The  battery  is 
well  heat  balanced  with  bodi  die  hot  and  cold  stabilized 
batteries  displaying  lives  of  ^proximately  360  seconds. 


Batteries  from  the  same  manufacturing  day  were  then 
subjected  to  a  series  of  tests  to  evaluate  performance  at  LN2 
extremes.  Six  batteries  were  immersed  in  LN2  for  2  hours  with 
aiahilirarinn  occurring  after  approxirrutely  45  minutes.  Two 
batteries  were  activated  and  discharged  while  submerged  in  the 
LN2-  Upon  activadon,  the  battery  cases  began  to  boil  die  LN2. 
Due  to  die  lower  starting  temperature,  die  risetimes  were 
slowed  by  approximately  350  milliseconds  and  die  peak 
voltages  were  suppressed  by  around  4  volts  compared  to  die 
-65  ®F  results.  A  typical  discharge  curve  is  shown  as  Figure  6, 
with  results  from  all  tests  summarized  in  Table  3.  The 
extremely  low  temperature  start  and  ermtinued  heat  loss  during 


Figure  4.  EAP-12053A  6.8  Amp  Discharge  (+165  "F)  Figure  6.  EAP-12053A  6.8  Amp  Discharge  (-321  «F) 
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Table  3.  EAP-120S3A  Performance  Summary 


Temperature 

Risetime 

(msec) 

Peak 

Voltage 

(Vdc) 

Life  to 

45  Vdc 
(seconds) 

Specific 

Energy 

(W-Hr/lb) 

+165  ®F 

.390 

69.80 

366 

21.35 

-65  “F 

.530 

67.45 

362 

21.12 

-321  “F 

.880 

63.20 

98 

5.72 

-321  “F/ 
Altitude 

.840 

63.80 

130 

7.58 

-321  “F/ 
Altitude/ 
750  mA 
Load 

.280 

70.40 

1673 

10.46 

batteiy  function  (via  boiling  the  LN2)  caused  the  battery  life  to 
4S  volts  to  be  shortened  to  98  seconds.  An  improvement  was 
shown  when  batteries  were  removed  from  the  LN2  and  placed 
into  a  10'^  torr  vacuum.  As  shown  in  Figure  7,  the  batteiy  life 
was  still  suppressed  compared  to  -63  “F  stabilization,  but 
improved  due  to  the  elimination  of  conductive  heat  losses. 


Figure  7.  EAP-120S3A  6.8  Amp  Discharge 
(-321  "F/10-5  torr) 


A  final  battery  test  was  performed  on  2  units  by 
removing  them  from  the  LN2,  placing  them  into  a  10*^  Unr 
vacuum,  and  testing  at  a  reduced  load  of  0.750  amperes.  The 
reduced  load  allowed  a  higher  peak  voltage  of  70.4  Vdc  and  an 
increased  life  of  1673  seconds  to  43  volts.  These  units  were 
discharged  at  the  0.730  amp  load  down  to  5  volts  and 
functioned  for  over  2300  seconds.  A  typical  discharge  curve  is 
shown  as  Figure  8  vtith  the  results  summarized  in  Table  3. 


Figures.  EAP-120S3A  0.750  Amp  Discharge 
(-321  “F/IO-S  torr) 

Conclusions 

Thermal  batteries  have  added  to  their  proven  robustness 
by  the  results  of  this  testing.  Standard  thermal  battery 
hardware  has  proven  its  ability  to  withstand  repeated  extreme 
thermal  shocks  of  inunersion  in  LN2  which  are  much  worse 
than  any  foreseen  field  conditions.  Typical  thermal  battery 
ignitors  have  demonstrated  their  ability  to  activate  during  LN2 
immersion  and  the  pyrotechnic  material  in  the  battery  was  also 
shown  to  activate  with  the  battery  at  stabilized  LN2 
conditions.  The  performance  of  the  battery  design  was  shown 
to  be  viable  under  these  conditions.  The  EAP-12053A  battery 
displayed  its  ability  to  function  at  full  military  temperatures  as 
well  as  at  cryogenic  conditions  The  lower  stabilizing 
temperature  did  reduce  the  battery  life  but  die  energy  density 
and  power  density  are  still  quite  good  at  these  lower 
temperatures. 
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roa.  CILL  »ArrERY  PIVILQPMtNT 
Tbomas  B.  Reddy  end  Peter  Rodrigaez 
Power  Coovenioa,  lac..  Eloiwood  Park.  NJ 


latnxtectioa 

Power  ConveKkHi,  Inc.  is  carrying  out  a  program  to  develop  a  high- 
rate,  high-capacity  lithium/manganese  dioxi^  battery  in  low-cost 
packaging  to  increase  significantly  the  cost  eCRctiveness  of  Uthium 
primary  batteries.  The  initial  eCfort  has  focused  on  ptodudag  a 
prismatic  cell  in  a  foil-laminate  package  designed  to  replace  the 
standard  D-size  cylindrical  cell  in  the  BA-SS90AJ  battery.  These  cells 
have  been  sized  to  fit  ten  units  inside  the  BA-SS90  battery  envelope  to 
form  a  BA-XS90  lithium/manganese  dioxide  battery.  Figure  1  shows  a 
projection  of  this  ceil.  This  design  is  capable  of  providing  significantly 
higher  capacity  than  the  cunem  LiS02  BA-3S90  because  of  the 
intrinsically  higher  capacity  per  unit  volume  of  Li/Mn02  and  because 
of  the  mote  efficient  packaging  of  prismatic  cells  in  a  prismatic  case. 
This  paper  describes  the  materials  evaluation,  hardware  devefopmertt, 
component  optimization  and  cell  development  phases  of  this  program. 
Although  this  paper  describes  the  effort  carried  out  to  develop  a  cell  for 
the  BA-X390  battery,  this  technology  may  be  readily  adapted  to  a 
variety  of  other  military  and  commercial  applications. 


Figure  F  Foil  Cell  Design  Dimensions 
When  Folded:  2.8E  high  by  2.65  In.  wide 
x0.50  in.  thick 


Materials  Evahatioa/Hardware  DeveKmient 

PCI  has  evaluated  eight  different  types  of  foil  laminates  for 
electrolyte  leakage  to  select  a  suitable  material.  Pouches  have  been 
formed  of  approximately  the  same  area  as  the  foil  cell,  filled  with  5  ml. 
of  electrolyte  (Lithium  Trillate  in  Propylene  Carbonate/Dimelhoxye- 
thane),  weighed  and  stored  for  thirteen  weeks  at  +130°F  (54.4°C),  the 
storage  conditions  specified  for  the  T-test  requirement  of  MIL-B-494S8 
for  Li/Mn02  batteries.  Test  results  ate  shown  in  Table  1  in  terms  of 
percent  weight  loss  of  electrolyte  after  storage  of  the  seven  types  of 
laminate  which  survived  this  test.  The  results  show  the  average  loss  fi>r 
three  samples  ofeach  type  tested.  Type  VI  was  tested  in  two  different 
series  and  the  weight  loss  data  show  good  agreemem  between  the  two 
tests.  Five  materials  show  a  weight  loss  of  less  than  i%,  after  thirteen 


weeks,  the  electrolyte  weight  loss  requirement  called  out  in  Paragraph 
4.7.12  orMlL-B-494S8  for  four  weeks'  storage  at  -M30T  (•t-S4.4°C). 
Type  n  and  Vm  ate  currently  being  evahiaied  in  cell  hardware.  Type 
U  was  selected  because  of  its  high  bond  strength  to  the  polypropylene 
header  material  as  well  as  its  low  leakage  tale.  The  Ty^  Vni  material 
is  under  evahiadon  because  of  its  very  low  etectroiyte  leakage  rale. 


TABLE  1 

Comnarlioa  af  Electroivte  Lass  Tram  FaU 
tii«ff»Mtr^HKlWiMttrTITMl1W»Wecltt'S«aia«eat+^ 


laminate  Series  Percent  WL  Loss 

-  Type  No,  of  Electroivte 


1  1 

n  1 

in  3 

V  3 

VI  3 

VI  4 

vn  4 

vm  4 


0.910 

0.65S 

1.010 

1.228 

0.486 

0.538 

0.382 

0.161 


Other  hardware  components  consist  of  a  pdypropylene  header  with 
an  electrolyte  fill  port  and  holes  fi>t  riveted  electrical  fised-throughs. 
Potypro|9lene  was  selected  because  of  its  low  cost  and  higher  melting 
point  than  polyetliylene.  Initially,  these  parts  have  been  machined  but 
will  be  injection  molded  in  produclioa  See  Figure  2  for  the  header 
assembly.  The  foil  laminate  material  is  cut  to  the  desired  size,  a  bole 
puiKhed  for  the  fill  port  and  then  heat  sealed  to  the  header  mring  a 
specially  designed  fixture.  are  then  punched  in  the  foil  laminate 
for  the  riveted  feed-throughs  which  are  adhesive^xmded  in  place  with 
tabs  on  top  and  bottom  of  the  header.  Tabs  fimn  the  electrode  array  are 
welded  to  the  internal  tabs  from  the  rivet.  The  foil  laminate  is  then 
folded  around  the  electrodes  and  seams  formed  on  three  sides  using  a 
heat  sealer.  Ultimately,  this  sealing  operation  will  be  carried  out  in  one 
5tq>  with  a  qrecially  t^gned  tool  Following  assembly  of  the  dry 
package,  it  is  evacuated  and  filled  with  a  preset  volume  of  dectroilyte  on 
an  automated  electrolyte  fill  machine.  The  fill  tifoe  is  then  welded  shut, 
the  cell  predischarged  and  tested. 


HOLCS  FDR  RIVETED 
ELECTRICAL  FEED-THROUGH 


Figure  2:  Polypropylene  Header 
Assembly  for  Foil  Cell 
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pa  hM  wed  both  C  and  D  azed  cylindiical  odis  to  cwiy  out 
aumwnentoprtmiauiointudieitOKlectiiMtefialefcrweiniliefaii 
oeUbaUeiy.  TdMe  2  drliiirntri  the  materiali  and  comiiniieBta  which 
have  been  evaluated.  PCIhasevaluBledtvvotjriiceadaieniical 
Manganeee  Dioxide  (CMD)  in  oomparieon  to  an  Ekctralytic 
Manganeae  Dioxide  (EMD)  and  hae  telecied  one  lype  of  OtdD  fcr  we 
■nor  it  providei  the  bed  overall  peifiinnanoe  at  both  -*-21  and  -20*C. 
Sevnal  graphite!  have  been  evalwted  and  one  adecled  baaed  upon  the 
unproved  voltage  leaponae  obaetved  when  thia  nwerial  ia  employed. 
Similarly,  aeveial  type!  of  expanded  metal  cunent  ooUector  have  been 
employed  (stainleas  aieel  va.  aluminum)  with  two  geometiiea  evaluaied 
in  the  latter  material.  Table3ahowaQipicaldiachaigBdataat2ampa 
and  ?0*F  fin  Li/Mii02  D  oella  uaing  two  typea  of  Mn02,  two  typea  of 
graphite  additive  and  two  typea  of  ahuninum  cunent  ooUector. 
Comparing  Row  1  toRow4,  Uitevideatthattheuaeoftheapecial 
grade  of  graphite  incieasea  the  capacity,  operatiiig  and  atart-up  vottagea 
with  the  CMD-l^pe  I.  The  uae  of  CMD-ngivea  higher  capacity  but 
lower  atart-up  and  operating  voltageaaa  seen  by  comparing  Rowe  1  and 
3.  The  we  ofapulM  screen  gjvea  higher  start-up  vohage,  capacity 
and  operMing  voltage  compared  to  the  standard  screen  (Row  2  va.  Row 
3). 


TABLE  2 


CithodeMMgaia 

Type  of  MnC>2  (C:MD,  EMD) 

T^  of  Conductive  Additive 
Grid  Material/Geometry 

Anode 

Type  of  Cunent  Collector 

Seoaratof 
Material  (PE,  PPE) 

Process 

Electrolyte 

Binary  vs.  Ternary  Solvem  Mixture 

Type  of  Salt  (UTriflate,  IJlmide,  LiAaF6,  U(204) 


TABLE  3 

Diicliirve  D«U  for  U/M«02  P  CHh  ramtoriet  PiffeTeut  C  swnnuretl 
ABCeUaDischaraedatLOOAeMaat^Trr 


Type 

Grid 

Graphite 

No. 

Avg. 

OCV 

ASid 

Dev. 

Avg. 
CCV 
AlStd 
Dev. « 

3  Sec. 

Capecitir 
to  2.0V 
Cut-Off 
*4  Std. 
Dev.(amp- 

Avg 

Voltage 

AlStd 

Dev. 

Mn02 

lypc 

JEHS- 

1  fVollsl 

fVoltsl 

-JhaJ _ 

fVoltal 

04D-I 

Al-Std 

Special 

3 

3.46*0.01 

3.14*0.03 

7.02AO.I0 

2.36*0.03 

CMD-n 

Al- 

Special 

4 

3.42*0.01 

3.06*0.04 

7.7S*0.17 

2.32*0.03 

Pulled 
CMD-n  Al-Std 

Special 

3 

3.37*0.10 

3.02*0.04 

7.63*0.08 

2.47*0.02 

OID-I 

Al-Std 

Std. 

3 

3.42*0.03 

3.04*0.03 

6.60*0.17 

2.32*0.03 

Based  on  this  diachatge  data,  the  use  of  CMD-iype  n  in  ooqunctioa 

with  the  special  graphite  arxl  polled  aluminum  screen  provides  the 
highest  capacity  with  good  start-up  aixl  operating  voltages  Pahas 
also  evaluated  several  types  of  separator  to  reduce  the  coat  for  thia 
conqxmenL  TdUe  4  presents  discharge  data  for  U/Mn02  C  cells  using 
two  types  of  separators  umkr  two  sets  of  test  cooditiow:  310  miUianqi 
Hicrhaiy  at  -i-70*F  (21H:)  and  170  milliatnp  disdiatge  at  -20^  (-29* 

Q.  At  room  temperature,  the  average  capacity  and  atart-up  voltage  are 
higher  for  the  cells  with  the  Type  B  material.  It  is  significant  to  note 
that  these  oeUs  operated  at -20*F  (-29*C)  sinoe  the  U/M11O2  system  is 
normally  rated  only  to -4*F(-20*C).  WbendisdrargedatlTOmilli- 
ampe,  the  oeUa  with  the  Type  B  aeparator  provided  essentially  the  same 
atart-up  voltage  and  93%  of  the  capacity  observed  with  die  Type  A 

material. 


TAMX4 


Average 


Type  of 

Drain 

Tea 

Amrage 

OCV 

CCV 

*1  Std  Dev 

Capaoiyle 
2.0V  Cut-Off 

Sepatalar 

Raw 

Temp 

No. 

Al  Std  Dev 

■  Saec. 

At  Std  Dev. 

OTB 

(■m 

1  ilEl 

Igasd 

Voha 

fVidai 

TypeA 

310 

+70 

3 

3.16*0.18 

2  38*0.17 

2.84*0.14 

lypeB 

310 

+70 

3 

334*0.02 

2.77*0.06 

3  18*002 

TypeA 

170 

-20 

3 

3.37*0.01 

271*0.04 

138*0  39 

Types 

170 

-20 

2 

3.36*0.03 

2.72*0.06 

1  84a).64 

Thia  data  should  provide  the  bwia  for  a  coat  saving  in  Ihfonm 
battery  maanfocture  since  the  Type  B  materid  is  significantly  leas 
expensive  than  the  aeparmor  normally  used  in  U/Mn02  cella. 

Using  the  matwiala  and  components  aelecled  for  use  in  the  foil  cell 
program,  Pahwmanu&ctured  and  tested  DceUa.  TypicalDceU 
discharge  curves  ate  seen  in  Figures  3  and  4.  At70*F(21*C),  a 
capacity  of  9.3  amp4x>ots  at  an  average  voltage  of  2.64  volta  was 
achieved  at  the  2  amp  discharge  rate  (Figure  3).  At -47  (-20*C),  a 
capacity  of  6.93  amphhoors  with  an  average  of  2. 19  vohs  is  <*«Mn««t  on 
2  amp  discharge.  TTie  former  value  is  coitparablelo  that  obtained  fiom 
competitive  products  while  the  latter  value  is  twice  thru  obtained  by 
other  marmfoctmets. 


Figure  3!  Discharge  Curve  for  Ll/MnDg 
D-Cell  at  P.OO  Anps  and  +70*F  (21*0 
Capacity  =  9.5  Anp-Hrs. 


0.80 
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0  2a  M  84  t12  140  m  1W  224  252  2W 

TIME  (Min.) 


Figure  4;  Discharge  Curve  for  Ll/MnDg 
D-Cell  at  2.00  Anps  and  -4*F  (-20*0 
Capacity  =  6.95  Anp-Hrs. 
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PO’i  Kail  ceU  (tevetopmenl  hi  evoived  dahnf  the  oourae  of  tlm 
pngiam.  Initially,  cells  WBR  Mticaled  img  a  pandld  plaie  dnigB 
bw  (his  was  feund  10  be  Ubor  inieaaivc  in  aaKa^.  K3  has  developed 
a  lapid  elecuode  saseatbly  prooeduie  whi^  it  believes  to  be  ameadble 
to  antanatmi.  FipuieS  shows  a  diacbaipe  carve  fv  a  pratotype  toil 
cell  at  the  0.300  anp  cate  at  raon  tenpetatare.  A  capacity  of  10.2 
anp-houis  at  an  avenge  voiiape  of  2.43  volts  was  obtaiaod  with  tbit 
cell  which  aaed  a  binaiy  electiolyle.  A  similar  cell  was  diadiarped  at 
1 .00  anqis  and  a  capacity  of  10. 1  amp-houis  was  obtained  at  an  avenge 
voltage  of2.23valta,  as  seen  in  Figaie  6.  The  same  Qfpe  of  cell  was 
ooostnicied  asing  a  leniaiy  electrolyte  and  dischaiged  at  the  1.00  aop 
me,  giving  a  capacity  of  10. 1  amp-hoars,  at  seen  in  Figaie  7.  IntUs 
case,  the  avenge  voltoge  was  2.43  vohs,  0.20  volts  higher  than  teen  in 
Figaie  6,  leflectiag  the  higher  condactivity  of  the  ternary  electiolyle 
which  is  twice  that  of  the  binaiy  solvent  mixnue. 


wo  619  9U  1066  <22*  IK 


TIME  (Min.) 

Figure  5i  Discharge  Curve  for  Foil  Cell 
at  0.500  Anps  and  +70*F  Average  Voltage= 
2.45v.  Capacity  =  10.2  Anp-Hrs. 

Electrolyte  Type  1 


140  210  2KI  350  <20  MO  HO  SXI  AB 


TIME  (Min.) 

Figure  6:  Discharge  Curve  for  Foil  Cell 
at  1.00  Anps  and  +70’F  Average  Voltage= 
2.25v.  Capacity  =  10.1  Anp-Hrs. 
Electrolyte  Type  1 


In  Older  to  siimilate  actual  ase  inside  a  battery  case  where  the 
individual  cells  will  be  held  in  compression,  discharge  at  the  2  amp  rate 
has  been  carried  out  with  the  cell  hdd  in  compression  betweoi  panlld 
plates.  Figure  8  shows  the  discharge  curve  for  this  cell  which  provided 
acapacityof  II.  1  amp-hours  at  an  average  voltage  of  2.36  volts.  The 
higher  crqiacity  obtained  at  the  2  amp  rate  nndoabtedly  reflects  the 
dto  of  compression  on  cell  performance. 
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Figure  7-  Discharge  Curve  for  Foil  Cell 
at  100  Anps  and  +70*F  Average  Voltage 
2.45v.  Capacity  =  10.1  Anp-Hrs. 
Electrolyte  Type  2 
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Figure  8'  Discharge  Curve  for  Conpressed 
Foil  Cell  at  2.00  Anps  and  +70*F  Average 
Voltage  =  2.25v.  Capacity  =  11.1  Anp-Hrs. 
Electrolyte  Type  2 


The  objective  of  this  program  was  to  develop  a  cell  capidrie  of 
providing  a  capaci^  of  12.3  amp-hours  when  discharged  at  2  amps  at 
707(21'^.  This  would  provide  a  78%  increase  in  capacity  over  the 
coapaidUe  LiTS02  BA-3S90/U.  Todate,PClhasadiieved89%cf 
program  objectives  and  is  confident  that  with  fiirther  increases  in 
deettode  efficiency  that  all  program  requirements  will  be  met 

PCI  has  emphasized  optimizing  cell  peifonnanoes  in  this  phase  of 
the  program  and  will  cany  out  environmental  and  safely  testing  when 
the  cnricnt  phase  is  com|deted. 


This  work  was  partially  supported  by  the  Electtonics  and  Power 
Souioes  Directorate,  U.S.  Ariny  Research  Ldbocatory,  Fort  Monmouth, 
New  Jersey.  PCI  wishes  to  eiqiiess  its  thanks  to  Mr.  Michael  A. 
Bnmdage  and  Dr.  Harold  T.  Chnstopher  for  their  support  and 
encouragement  in  the  Gourse  of  this  program. 


High-Rate  Lithium  Manganese  Dioxide  Cells  Uidng  Shut-Down  Separated 
Michael  Kohlhase,  Klaus  Schneider,  John  Welsh 

Hoppecke  Batterien 
Brilon,  Germany 


Shut-down  separaters  have  been  available  for  a  num¬ 
ber  of  years  but  their  use  has  generally  been  limited  to 
the  smaller,  spiral  wound  cells  for  consumer  applica¬ 
tions.  New  shut-down  separaters  have  recently  been  pro¬ 
duced  experimentally  which  show  promise  to  be  suitable 
for  the  larger,  more  powerful  lithium  cells  as  are  used 
in  military  applications.  The  hoped  for  advantage  of  the 
new  separaters  is  that  they  will  make  the  cells  inherently 
safe  against  external  abuse  induced  by  electrical  overload 
and  may  even  give  greater  protection  against  mechanical 
abuse.  If  these  hoped  for  benefits  are  achieved,  the  pro¬ 
tection  circuits  now  employed  in  lithium  batteries  could 
be  simplified  or  even  completely  eliminated  and  new 
markets  for  the  larger  lithium  cells  could  be  opened  up 
where,  up  to  now,  safety  concerns  have  restricted  their 
introduction.  In  particular,  the  stringent  safety  require¬ 
ments  for  use  (and  for  transportation)  in  aircraft  may 
be  met  with  less  dlfHcuIty. 

Lithium  manganese  dioxide  cells  were  used  for  the 
experiments,  cells  with  solid  cathodes  which  contain  no 
toxic  or  corrosive  components  and  are  already  recog¬ 
nized  by  lATA  as  safe  enough  to  be  transported  in  pas¬ 
senger  aircraft.  Cells  were  built  with  standard  and  shut¬ 
down  separaters  and  were  subject  to  a  range  of  over¬ 
loads;  from  marginal  overloads  at  high  ambient  tem¬ 
peratures  to  low  impedence  short  circuits.  Care  was  taken 
to  simulate  the  types  of  fault  that  could  occur  in  actual 
use,  for  example,  incorrectly  applied  loads  or  intercell 
short  circuits  within  a  battery. 

Mechanical  abuse  tests  such  as  crushing  and  nail  tests 
were  performed,  again  comparing  the  standard  and  the 
shut-down  separaters.  In  all  cases,  videos  were  made  to 


allow  detailed  observation  of  the  reactions  of  the  cells 
if  they  vented. 

The  results  showed  the  shut-down  separaters  function 
as  promised.  It  proved  impossible  to  make  the  cells  to 
vent  by  electrical  overload.  The  cells  could  be  discharged 
at  the  3h  rate  without  the  shut-down  separater  cutting 
in  but,  if  the  discharge  rate  was  significantly  increased 
or  if  the  ambient  temperature  was  too  high,  the  cells 
shut  down  well  before  the  venting  temperature  was 
reached. 

This  work  shows  it  is  possible  to  make  intrinsically 
safe  lithium  manganese  dioxide  cells  using  shut-down 
separaters  with  the  one  disadvantage  that  they  are  one 
shot  devices:  once  the  shut-down  separater  has  operated 
the  cell  cannot  recover;  this  is  as  opposed  to  the  pro¬ 
tection  by  an  external  PTC  which  resets  once  the  load 
has  been  disconnected.  Many  battery  packs  used  for 
military  employ  non-replaceable  fuse  links,  also  one  shot 
devices,  and,  in  these  instances,  the  shut-<iown  separater 
does  not  bring  any  additional  disadvantage. 

Finally,  it  is  concluded  more  work  needs  to  be  un¬ 
dertaken,  in  particular,  with  the  vent  design.  If  the  cells 
cannot  be  made  to  vent  by  electrical  overload  but  only 
by  application  of  external  heat  or  mechanical  abuse, 
what  is  the  best  venting  pressure/temperature  for  a  cell? 
There  is  a  case  to  be  argued  that  higher  venting  pressures/ 
temperatures  reduce  the  likelihood  of  inadvertent  vent¬ 
ing  but  will  still  give  protection  against  an  uncontrolled 
rupture  of  the  cell  case.  However,  many  more  abusive 
tests  must  be  carried  out  before  a  recommendation  can 
be  made. 
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ULTRA  HIGH  RATE  PULSE  PERFORMANCE 
FROM  THE  PRIMARY  U/MnO,  BATTERY 


A  M  Jeffcfy,  M  J  Sidorawicz 
Dowiy  Baneries,  AblDcdaa. 
QKfonBfaire,  En^laod 


Abatract 

The  high  rate  Uthhim/inangaiieae  dioxide  primaiy  batteiy  is  well 
established  to  the  mailKt  as  a  safe,  reliable  and  high  eneigy  densiqr  system. 
Hoawver,  still  higher  rates  are  always  in  demand  particulaily  in  the  area  of 
pulsed  dischaige  regimes.  The  ^stem  is  ideal  for  this  type  of  application 
due  to  its  inherent  instant  stait-up  chancteristics  and  its  relatively  light 
weighL 

An  investigation  into  the  effect  of  increasing  cathode  surface  area 
on  pulse  current  capability  has  demonstrated  significant  improvement 
particulaily  at  low  temperanire.  Marlced  improvement  in  high  rate 
continuous  dischaige  has  also  been  observed. 

It  has  been  shown  possible  to  realise  these  advances  in  practical 
cells  without  compromising  safety  in  any  way. 

Introduction 

There  b  a  perceived  market  requirement  for  a  safe  lithium/ 
manganese  dkvdde  primary  battery  capable  of  very  high  power  densities  in 
the  pulse  discharge  mode  (up  to  1  Kw/lioe).  Such  a  device  would  offer  a 
viable,  lightweight  alternative  to  thermal  batteries  for  some  applications 
whilst  allowing  'push-to-tesT  health  checks  to  be  carried  out  in  service, 
thereby  enhancing  user  confidence.  Military  appUcations  such  as  qector  seat 
acniation  and  missile  launching  and  guidance  ^tems  could  be  undertaken 
in  addition  to  high  power  consumption  transmitting  devices. 

A  m^or  limiting  factor  to  the  achievement  of  very  high  pulse 
currents  b  considered  to  be  the  idnetics  of  the  manganese  dioxide  dbdiaige 
mechanism.  Investigations  have  been  carried  out  to  characterise  the  effect 
of  electrode  area  hnd  tfakkness  on  pulse  capabOity  and  also  on  continuous 
current  dischaige. 

The  charaaerisation  was  undertaken  utilising  the  Dowty  Uthium 
manganese  dioxide  coil-pack  construction  D  cell,  UM  336H.  TIk  safety 
implications  of  an  ultra  high  rate  system  have  also  been  investigated. 

Discussion 

The  mechanical  design  of  the  Dowty  LiM  336H  has  been  shown  to 
be  fully  capable  of  sustaining  higher  currents,  both  continuous  and  pulsed, 
than  those  generated  by  die  standard  coil  pack.  The  welded  electrode  tags, 
electrode  current  collectors  and  cell  casing  have  been  designed  to  offer  very 
low  electrical  resistance  and  die  construction  therefore  provided  a  good 
vehkte  for  cell  build  and  testing.  The  venting  system  b  discussed  separately 
in  the  section  on  Safety. 

Electrolyte  formulation  can  be  optimised  for  high  or  low 
temperatures  and  rates,  but  the  user  almost  invariably  requires  operation 
over  a  wide  range  of  temperature  and  often,  a  dbcharge  regime  which 
feaniies  both  high  and  low  cunenL  In  Dowt/s  experience,  fine  tuning  of 
the  electrolyte  formulation  does  not  affect  rate  as  much  as  varying  the 
electrode  geometry  and  constitution. 

Similar^,  the  lithium  anode  b  not  as  limiting  a  foctor  as  the  cafliode 
in  the  attainment  of  high  dbcharge  current  siiyect,  of  course,  to  the  usual 
constraints  of  electrode  balance,  geometry  and  minimal  anodic  film 
formation. 

The  main  rate  factor  limiting  pulse  current  has  been  established  to 
be  the  nature  and  construction  of  the  cathode.  The  LiM  336H  cell  utilbes 
cfaemicaliy  precipitated  manganese  dioxide  of  high  specific  surface  area. 
Much  has  bm  written  on  the  heat  treatment  of  various  manganese  dioxides 
for  use  in  primary  lithium  ceUs  and  the  need  to  optimise  thb  treatment  in 
terms  of  temperature,  duration  and  environmenL*'’  It  b  known  that  the 
resulting  ciys^  structure  b  critical  in  determining  the  maximum  rate  of 


lithium  ion  inseitiao  and  hence  charge  transfer.  Thb  b  true  not  only  for 
coothiuous  dbcharge  but  also  for  high  pube  currents,  even  initial  short 
duration  pubes,  where  there  b  dearly  insufficient  time  for  Li*  diffosioo 
within  the  crystal  structure  to  have  any  influence  on  rate.  The  implicatian 
b  that  optimum  crystal  structure  b  essential  at  the  eiectroiyie/MoO, 
interface  as  well  as  within  the  MnO,  matrix. 

Particle  porosity  b  important  m  that  it  can  provide  a  very  large 
surface  area  for  Li*  insertion.  However,  thb  sinfoce  area  b  of  little  value 
unless  it  baccessfoie  to  eiectroiyte.  For  thb  reason,  the  mean  pore  diameter 
must  be  large  enough  such  that  a  significant  proportion  of  the  pore  volume 
can  be  accessed  by  electro^  The  actual  mean  value  of  pore  diameter 
required  depends  on  the  nature  rtf  the  electrolyte  and,  in  particular,  such 
properties  as  surface  tension. 

It  b  worth  noting  here  that  similar  consideiations  apply  to  the 
separator  construction.  Indeed,  it  has  been  found  advantageous  to  employ 
the  maximum  mean  separator  pore  diameter  consistent  with  the  prevention 
of  inter-electrode  shorting. 

It  has  been  shown  that  varying  particle  size  dbtrfoution  has  only  a 
limited  effect  on  high  current  performance.’  However,  different  dbtrfoutions 
can  markedly  influence  cathode  processing  parameters  which,  in  nun,  affect 
the  overall  cathode  porosiqr.  The  importance  of  thb  porosity  in  the  kinetics 
of  the  insertion  cathode,  and  hence  the  efiidengr  of  the  dbcharge  reaction 
has  been  discussed  previously.**’ 

However,  the  characteristics  of  cathode  geometry  and  their  effect  on 
pube  rate  capability  were  the  focus  of  attention  of  thb  investigation  and  cetb 
with  varying  thicknesses  of  cathode  and  balanced  anode  were  constructed 
resulting  in  different  electrode  areas  for  the  D-cell  coil  pack.  Clearly,  the 
thinner  electrodes  resulted  in  lower  theoretical  capacities  due  to  the 
additional  separator  and  current  collector  requirements  but  the  ^em 
capabilities  for  short  duration,  high  current  pubes  over  a  range  of 
temperanues  were  studied. 

RlWrilTiniBt ""«!  Rr“'B 

Performance 

Cathodes  of  diree  different  thicknesses  were  manufactured  which, 
when  formed  into  D-cell  coil  packs,  produced  geometrical  area  ratios  of  1X0, 
1.28  and  1.47  when  compart  with  the  standard  Dowty  cell.  These  were 
designated  LiM  33dH,  LiM  336XH  and  LiM  33dVH  respectively.  In  »ch 
case  the  lithium  anode  thicknesses  and  areas  were  adjusted  to  provide 
electrochemical  balance. 

To  determine  pube  capability  the  three  build  standards  were  tested 
to  establish  the  current  obtainable  for  a  single  1  second  pube  at  about  1 JV 
which  approximates  the  maximum  power  obtainable  from  the  ceU.  The 
testing  was  carried  out  over  a  range  of  temperatures  from  -f  tiS^  to  -70^. 

The  results  are  di^layed  in  Fig  1  which  shows  the  pube  current 
plotted  against  catiiode  geometrical  area  ratio  for  336H,  XH  and  VH  cells. 

It  b  apparent  that  the  thinner,  higher  surface  area  cathodes  perform 
significantly  b^r  than  the  standard  336H  configuration  at  all  temperatures. 
The  336VH  delivers  a  36A  pube  at  -t-6S°C  and  even  a  6A  pube  at  -70°C. 
It  b  notable  that  the  lower  the  temperature,  the  greater  b  the  advantage  of 
the  336VH  compared  to  the  336H  and  thb  b  shown  by  the  ratio  of  pube 
currents  for  the  two  celb  next  to  tiie  profiles  for  each  temperature  in  Fig  1. 
At  the336VH  showsa  263%  improvement  in  pube  current  whereas 
at -70°C  the  increase  b  100%  resulting  in  a  significant  pube  current  at  useful 
voltage. 
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Typical  voltage  tesponse  profiles  for  the  constant  current  drain  from 
all  three  cell  types  arc  shown  in  Fig  2  and  these  illustrate  the  absence  of 
voltage  delay  inherent  in  iithium/liquid  cathode  systems. 


Fig  2:  Single  Pulse  Voltage 


It  can  be  seen  that  for  temperatures  below  -30^,  the  cell  voltage 
is  rising  slightly  throughout  the  1  second  pulse  duration,  while  at  •30°C  die 
voltage  remains  fairly  constant  and  for  temperatures  above  -30X  the  voltage 
exhibits  a  small  decrease.  This  is  thought  to  be  due  to  the  changing  balance 
between  cathode  polarisation  and  internal  temperature  rise  resulting  from 
die  pR  heating  effect  and  the  exothermicity  of  die  discharge  reaction. 

At  low  temperatures,  the  lower  current  pulse  results  in  less  cathode 
polarisation  and  a  smail  temperature  rise  at  the  electrode  surface  produces 
a  slight  increase  in  voltage.  At  higher  temperatures,  the  magnitude  of  the 
current  leads  to  the  predominance  of  cathode  polarisation. 

These  levels  of  pulse  currents  are  generally  sustainable  for  durations 
of  a  few  seconds  and  for  frequencies  of  around  one  pulse  per  minute 
dependent  on  temperature.  For  higher  pulse  durations  and  frequencies  the 
operating  voltage  will  be  lower. 

However,  as  duration  and  frequency  increase  for  high  current  pulses, 
the  effects  of  cell  internal  heating  and  temperature  rise  become  more 
influential  in  terms  of  counteracting  cathode  polarisation.  In  the  limit,  this 
effect  is  maximised  during  continuous  dischaige. 

This  was  investigated  by  subjecting  the  three  cell  types  to  high  rate 
continuous  current  at  three  temperatures.  A  constant  current  load  of  tSA 
to  an  end  point  of  1.5V  at  temperatures  of  +2ffC,  0°C  and  -15°C  was 
seleaed.  Ifie  results  are  shown  in  Figs  3,4  and  5  for  the  three  respective 
temperanires. 


Fig  4;  Continuous  8.5A  Dischaige  at  OT 


Fig  5:  Continuous  &5A  Dischaige  at  -15°C 

In  all  cases  the  order  of  dischaige  duration  was  VH  >  XH  >  H,but 
the  most  significant  difference  was  observed  at  -1S°C  where  the  336H  could 
not  sustain  the  8.SA  load  at  all  whereas  the  33tiVH  delivered  9.18  Ah  -  a 
duration  of  65  minutes. 

These  results  again  illustrate  the  balance  between  cathode 
polarisation  and  internal  heating.  At -15^:,  for  example,  the  336H  suffered 
cathode  polarisation  to  such  an  extent  and  so  rapidly  that  the  dischaige 
reaction  could  not  proceed  to  generate  a  temperature  rise  and  facilitate 
further  discharge.  The  336VH,  on  the  other  hand,  showed  an  initial  voltage 
dip  to  around  1.8V  but  the  reaction  proceeded  at  a  sustainable  level  which 
induced  a  rise  in  temperature  to  abom  6(FC  by  the  end  of  dischaige. 

The  thinner,  larger  surface  area  cathode  of  the  336VH  is  thus 
demonstrated  to  be  far  superior  to  the  standard  cathode  at  high  rate,  low 
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temperature  discharge.  However,  this  superiority  is  offset  to  some  extent  by 
the  lower  capacity  exhibited  at  moderate  rates  and  temperatures  and  Fig  6 
illustrates  this  point. 


Fig  6:  Continuous  2A  Oischaige  at  Room  Temperanne 

At  2A  constant  current  and  room  temperature  the  order  of 
discharge  duration  is  reversed,  H  >  XH  >  VH,  the  actual  capacities  being 
10.2  Ah.  93  Ah  and  9.6  Ah  to  an  end  point  of  15V. 

Safety 


In  considering  the  discharge  performance  of  the  336VH  in  very  high 
pulse  or  constant  current  applications,  it  is  recognised  that  the  design  must 
possess  fail-safe  features  to  prevent  hm^ous  situations  arising  from  abuse. 

A  major  design  feamre  here  is  the  stainless  steel  bursting  disc  which 
is  hermetically  welded  into  the  batteiy  case  and  provides  an  electrolyte 
venting  path  on  generation  of  excess  heat  The  standard  336H  cell  contains 
a  disc  that  vents  at  a  pressure  between  200  p.s.i  and  2S0  p.sJ.  For  the 
336VH  it  was  found  necessary  to  lower  this  pressure  to  between  ISO  p.sa  and 
200  p.s.i  to  allow  for  the  faster  rate  of  temperature  rise  during,  for  example, 
shon  circuit  abuse. 

The  336VH  cell  was  subjected  to  a  shon  circuit  abuse  test  through 
SO  milliohms  and  Fig  7  shows  the  current  response  with  time  together  with 
the  cell  case  temperature. 


Amps 


LIM336VH 


T  i  S  i5  5  iJ" 
Rurvting  Time  in  Minutes. 


Fig  7:  LiM  336VH:  Short  Circuit 


The  initial  shon  circuit  current  was  about  70A  for  a  brief  period  of 
time  but  this  fell  to  4QA  at  about  30  seconds  at  which  point  venting  occurred 
with  no  flame  or  smoke.  The  current  then  continued  to  fall  rapidly  for  the 
next  60  seconds  reaching  3A,  and  thereafter  a  slower  decline  ultimately 
reaching  zero  after  about  ^  minutes.  Meanwhile,  a  maximum  case 
temperature  of  80^  was  reached  after  90  seconds  and  declined  thereafter 
to  ambient  temperature. 


A  2A  constant  forced  dischaige  test  was  also  applied  to  the  336VH 
cell  and  Fig  8  shows  the  cell  voltage  and  case  temperature  with  time. 

All  Dowty  high  rate  lithium/manganese  dioxide  cells  are  fitted  with 
a  copper  strip  anode  current  collector.  During  forced  dischatge,  the  anode 
is  completely  discharged  and  no  elemental  lithium  remains  at  a  cell  voltage 
of  OV.  At  this  point,  anodic  copper  dissolution  commences  and  the  resulting 
copper  ion  deposits  on  the  cathode  in  the  form  of  dendrites.  These 
dendrites  grow  into  copper  'fibres'  and  ultimately  penetrate  the  separator 
pores  and  connect  witii  the  original  copper  strip.  This  provides  an 
electronically  conducting  path  for  the  continuing  forced  current  to  pass  safely 
without  any  exothermic  electrochemical  reactions.  The  cell  is  thus  left  in  a 
permanently  safe  condition. 


Fig  8:  LiM  336VH:  2A  Forced  Discharge 


The  effect  of  this  process,  which  renders  the  use  of  a  shunt  diode 
unnecessary,  is  seen  in  Fig  8.  The  cell  voltage  falls  to  zero  at  about  53 
hours  and  then  falls  further  to  about  -25V.  At  this  point  copper  deposition 
is  apparent  as  the  voltage  rises  again  to  a  stable  level.  The  temperature 
meanwhile  reaches  a  safe  maximum  of  60^  before  declining  to  ambient 

Thus,  short-circuit  and  forced  dischatge  abuse  can  both  be  tolerated 
safely  by  the  336VH  ^tem  design. 

CgptlHa'em 

There  is  a  need  for  an  ultra-high  rate  pulse  primary  lithium/ 
manganese  dioxide  batteiy  for  use  in  military  and  transmitter  applications 
over  a  wide  range  of  temperatures. 

Investigations  into  the  effect  of  geometrical  electrode  area  in  the 
Dowty  LiM  336  D-cell  have  demonstrated  much  improved  pulse  current  with 
the  absence  of  voltage  delay  inherent  in  liquid  cathode  ^tems,  and  also 
continuous  current  dischatge  capability  from  higher  surface  area  cathodes. 

The  improvements  in  both  pulse  and  continuous  current  discharge 
regimes  are  more  significant  at  lower  temperatures.  Ttus  effect  is  thought 
to  be  primarity  due  to  the  balance  between  the  opposing  effects  of  cathodic 
polariration  and  internal  heating.  Useful  pulse  currents  have  been 
demonstrated  at  temperatures  as  low  at  -70°C,  and  continuous  discharge  at 
close  to  the  C  rate  has  been  obtained  at  -1S°C. 

The  prevention  of  hazards  due  to  short  circuit  and  forced  discharge 
abuse  has  been  achieved  by  the  use  of  a  low  pressure  venting  ^tem,  and  an 
anodic  current  collector  acting  as  an  internal  diode. 

The  characteristic  improved  performance  exhibited  by  higher  surface 
area  cathodes  is  applicable  to  other  cell  sizes  in  the  Dowty  product  range  i.e. 
(WAtoDD. 
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LOW  TEMPERATURE  LITHIUM  BATTERY  TESTING 
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1236  N.  Columbus  Avenue,  Suite  41 
Glendale,  CA  91202-1672 


Introduction 

There  are  few  batteries  that  will  operate  adequately  at  very 
low  temperatures  This  device  required  two  such  batteries,  one 
battery  (T-1)  was  required  to  be  discharged  for  a  long  duration  at  a 
current  drain  of  approximately  2  mA.  The  second  battery  (T-2)  was 
required  to  perform  a  high  current  (~2  A)  pulse  discharge  alter  a 
30  niA  discharge  at  temperatures  as  low  as  -46°C 

The  following  is  a  summary  of  the  test  data  obtained  on 
recent  tests  of  the  T-1  and  T-2  batteries  It  is  broken  down  into  three 
individual  tests: 

1 .  Capacity  of  three  T-l's,  one  from  lot  #93  and  two  from  lot 

#  120. 

2.  Capacity  of  one  T-2  using  a  simulated  load  profile. 

3.  Performance  characteristics  of  one  T-2  over  simulated 

environmental  conditions. 

Method 

Two  different  lithium  battery  designs  consisting  of  two 
different  chemistries  were  tested  and  evaluated  at  temperatures 
ranging  from  -55°C  to  -t-20°C. 

A  low  rate  battery  ( T-1),  consisting  of  two  "DD"  (Eagle 
Picher,  29  4  Ah,  LCF-1 12)  cells  in  series  using  a  carbon 
monofluoride  cathode,  was  tested  at  a  constant  temperature  of  -30'’C 
at  varying  currents  to  a  nominal  two  volt  cutoff  per  cell. 

The  second  battery  (  T-2)  was  designed  for  a  relatively  high 
current  rate  pulse  application  and  consisted  of  48  "2/3A''  (Panasonic, 
1300  mAh,  CR123A)  cells  in  series-parallel  matrix  ( 4  in  series  X  12 
in  parallel)  resulting  in  an  operating  voltage  of  12  volts.  The  cathode 
for  these  cells  was  manganese  dioxide. 

In  the  first  test  the  T-Ts  were  discharged  by  constant 
resistance  using  precision  Dale  resistors.  The  initial  resistance  value 
used  was  lower  than  required  in  actual  use  to  expedite  the  testing. 
This  was  done  so  that  testing  could  be  completed  during  the  term  of 
the  contract.  As  the  battery  voltage  approached  the  4  volt  cutoff 
voltage  the  resistance  was  increased  to  reduce  the  current  until  the 
required  value  was  reached.  In  this  way  the  cells  were  never 
discharged  below  2  V/cell.  The  testing  was  performed  at  -TO^C, 
again,  to  expedite  the  testing.  Once  the  batteries  delivered  the 
required  capacity  for  the  device,  the  temperature  chamber  was 
lowered  to  -46°C  and  the  actual  discharge  rates  to  complete  the 
testing. 

In  test  number  two  the  T-2  was  tested  at  a  constant 
temperature  of  -30°C  using  a  constant  current  discharge  which  was 
switched  between  two  different  current  levels  from  two  different 
power  supplies  by  use  of  a  Tenor  timer.  The  power  supplies  were 
biased  by  the  use  of  diodes  so  they  could  operate  in  a  voltage  and 
current  range  v/here  they  could  maintain  an  accurate  constant 
current.  The  initial  current  was  30  mA  this  was  maintained  for  300 
sec  followed  by  a  2  A  pulse  which  was  maintained  for  2  seconds. 

This  dual  level  pulse  profile  was  repeated  approximately  every  hour 
until  the  lifetime  requirement  was  met. 


In  the  final  test  a  single  T-2  battery  was  discharged  using  the 
same  profile  as  above  however  the  temperature  was  varied  The 
initial  starting  temperature  was  20°C  and  was  reduced  after  each 
pulse  until  the  cutoff  voltage  could  not  be  maintained  at  the  2  A 
level.  Once  the  battery  could  not  maintain  the  current  without 
dropping  below  the  cutoff  voltage,  the  chamber  temperature  was 
raised  to  -i^20°C  The  T-2  battery  was  then  discharged  approximately 
150  mAh  and  the  test  sequence  was  repeated  The  voltage  data  for 
this  test  was  recorded  on  a  strip  chart  recorder. 

All  other  data  was  collected  using  Schlumberger  (now 
Solartron)  Orion  353 1  data  acquisition  system  and  was  accurate  to 
the  microvolt  level  The  chamber  temperatures  were  recorded  by  the 
same  unit  which  has  the  capability  of  using  the  thermocouples 
directly  using  an  internal  zero  reference.  The  data  was  saved  to  disc 
and  was  processed  in  Excel  using  Schlumberger  (Solartron)  353 1 
Data  to  Dif  Conversion  software  for  the  data  conversion 


Discussion 

The  test  plan  consisted  of 

1 . )  Capacity  testing  of  one  T-1  from  lot  93  and  two  T- 1  's  from  lot 

120  to  confirm  the  low  temperature  performance  and  the 
meeting  of  the  capacity  requirements  for  the  mission  and  to 
help  determine  the  lot-to-lot  performance  variations 

2. )  Capacity  testing  on  one  T-2  at  -30°C  to  determine  if  it  will 

meet  the  mission  requirement. 

3. )  Performance  testing  on  one  T-2  to  determine  the  performance 

parameters  over  the  low  temperature  range  with  respect  to  the 
depth  of  discharge 

1. )  Testing  of  T-1 

a.  Place  and  wire  batteries  to  be  tested  in  an  environmental 
chamber. 

b.  Reduce  the  temperature  to  -30°C±3  °C,  soak  at  that 
temperature  a  minimum  of  30  minutes. 

c.  Place  a  33  ohm  load  (-110  mA)  across  the  battery.  Observe 
the  results.  If  the  voltage  appears  to  be  dropping  at  a  rapid 
rate  and  may  drop  below  3.5  V  within  24  hours  or  is 
approaching  4  V  level,  the  load  resistance  may  be  increased 
to  reduce  the  current  drain.  This  may  be  repeated  as  many 
times  as  necessary  until  one  of  the  following  conditions 
occurs: 

1 .  The  required  capacity  is  reached. 

2.  The  minimum  cut-off  voltage  is  reached  (3.5  V)  at  a 
current  drain  of  2  mA. 

d.  Record  the  results. 

2. )  Testing  of  T-2 

a.  Place  and  wire  the  battery  to  be  tested  in  an  environmental 
chamber. 
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b  Reduce  the  temperature  to  -  tO°C,  soak  at  that  temperature  a 
minimum  of  30  minutes. 

c.  Place  a  constant  current(s)  pulse  load  on  the  battery 

consisting  of  30±2  mA  for  300±5  sec.  immediately  followed 
by  a  2  0+0  2  A  pulse  for  2±0.5  sec.  This  may  be  repeated  as 
required  until  one  of  the  following  conditions  is  met: 

1 .  The  required  cycle  life  is  met  (80  cycles). 

2  The  minimum  voltage  at  2.2  A  is  reached  (8.5  V). 


3.3  Performance  profile  testing  of  the  T-2 

a.  Place  and  wire  the  battery  to  be  tested  in  an  environmental 
chamber. 


b.  Set  the  temperature  at  +20°C,  soak  at  that  temperature  for  a 
minimum  of  30  minutes. 

c  Perform  the  same  load  test  as  described  in  2c  above 

d.  Reduce  the  temperature  to  0°C,  soak  for  a  minimum  of  30 
minutes  and  repeat  the  load  test. 

e.  Reduce  the  temperature  to  -20°C,  soak  for  a  minimum  of  30 
minutes  and  repeat  the  load  test 

f  Reduce  the  temperature  in  10°degree  C  increments  until  the 
minimum  voltage  of  8.5  V  is  reached  The  temperature 
increment  of  10°C  may  be  reduced  to  5°C  if  it  appear  that  the 
minimum  voltage  would  be  less  than  8  5  V  if  a  10°C  was 
used. 

g  After  failure  to  meet  the  voltage  requirement,  return  the 
battery  to  ambient  and  discharge  the  T-2,  0. 15±0  02  Ah  using 
a  constant  resistance. 

h.  Repeat  steps  4b-4g. 

i.  When  the  required  capacity  is  met  the  test  is  complete. 
Voltage,  temperature,  and  resistance  values  will  be  recorded 
for  all  tests. 


Results 

T-1 

The  first  three  charts  are  the  constant  resistance  tests  of  three 
T-l's  They  were  all  performed  using  decreasing  current  drains  as  a 
result  of  using  increasing  resistor  values  for  loads.  The  initial 
temperature  was  -30®C  which  was  reduced  to  -46®C  as  the  actual 
loads  were  approached.  All  of  the  batteries  have  met  the  capacity 
requirement  of  20  Ah  however  the  battery  from  lot  #93  has  done  so 
at  a  lower  voltage  than  the  two  batteries  from  lot  #120.  This  lot  of 
cells  that  had  been  rejected  due  to  a  high  temperature  exposure 
during  manufacture  and  was  used  for  prototypes  because  of  their 
availability.  The  internal  impedance  of  the  cells  has  been  affected  but 
it  i^  not  known  if  this  is  the  reason.  It  should  also  be  noted  that  these 
eel's  were  approximately  two  years  older  than  the  lot  #120  cells  and 
thi?  could  also  be  contributory  to  the  increase  in  internal  impedance 
observed.  Possible  causes  for  this  internal  impedance  rise  could  be 
due  to  poor  internal  wetting  or  slight  amount  of  corrosion. 

T-2  Performance 

All  the  T-2  tests  were  performed  using  constant  current 
discharges.  The  initial  current  was  29  mA  for  300  seconds, 
immediately  followed  by  a  2  second  discharge  of  2. 16  A.  This  was 
accomplished  by  utilizing  an  Tenor  electronic  timer  accurate  to  0. 1 
second  (for  the  300  sec  discharge)  and  0.01  seconds  (for  the  2  sec 
discharge).  The  currents  were  controlled  by  the  use  of  constant 
current  power  supplies  while  the  battery  voltage  was  being  "bucked" 
by  diodes. 


The  first  chart  is  of  the  minimum  pulse  voltage  as  a  result  of 
cycle  number  The  battery  easily  met  the  80  pulse  requirement  at  a 
temperature  of  -30°C  It  should  be  noted  that  this  test  was 
performed  in  fairly  rapid  succession  and  that  the  response  voltage  is 
likely  to  be  significantly  higher  if  a  refractory  period  of  several 
weeks  is  used  as  can  be  seen  by  the  use  of  two  extended  refractory 
periods  during  the  testing.  The  initial  increase  in  voltage  between  the 
first  and  second  cycle  is  an  artifact  of  this  particular  battery  chemistry 
and  not  likely  to  reappear  in  later  use 

T-2  Characterization 

The  next  five  T-2  charts  describe  the  performance  profile 
through  the  required  capacity  (0.5  Ah)  and  over  the  temperature 
range  of  +20O<r  to  — 50OC.  The  fresh  T-2  exceeded  the  voltage 
requirement  of  8.5  V  at  -50^0.  However,  later  in  life  this  was 
reduced  to  -40OC  The  0.535  Ah  chart  is  at  approximately  50®/o  of 
the  total  potential  capacity  of  the  T-2  battery.  Over  the  range  of  0- 
50%  DOD  the  T-2  tested  performed  almost  identically  over  the 
observed  temperature  range.  Thus  it  is  likely  that  the  T-2  battery  will 
continue  to  perform  far  beyond  the  requirement. 

For  the  minimum  voltage  profile  testing  the  -450C  test  was 
actually  performed  at  -46®C  which  was  within  the  temperature  limits 
required  for  the  testing.  This  was  done  to  relate  the  T-2  testing  back 
to  the  requirement  of  the  T-1  testing. 


Summary 

The  T-l's  tested  exceeded  the  requirements  for  the  unit  at 
-460C  and  did  not  drop  to  the  EOL  (End-of  Life)  voltage  The  lot  93 
T-1  met  the  requirement  at  a  reduced  voltage  when  compared  tom 
the  lot  120  cells.  This  lot  had  been  rejected  by  NASA  but  was  used 
because  of  the  rapid  availability  for  initial  testing 

The  T-2's  have  far  exceeded  the  requirements  both  in  lifetime 
and  in  low  temperature  performance.  At  the  required  capacity,  the 
T-2  battery  tested  has  exceeded  the  low  temperature  performance 
requirement  and  does  not  appear  to  be  degrading.  A  longer 
refractory  period  (i.e.  1-4  weeks)  is  likely  to  be  beneficial  to  the 
performance  and  will  likely  extend  its  useful  life. 
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T-1  TESTING 
T-1  (lot  #93) 


T-2  CHARACTERIZATION  TESTING 
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